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Abstract
Deep brain stimulation (DBS) is an effective medical treatment for a wide range 
of neurological and psychiatric disorders. Murine preclinical research is 
extensively used to study the principles of DBS and the pathophysiological 
mechanisms whereby its treatment effects are facilitated. Different types of 
miniature DBS devices including head-mountable and implantable devices are 
used in murine preclinical research. To facilitate a faithful operation most of 
these devices require a battery giving rise to battery-related issues such as 
lifetime, size, weight, replacement, and disposal. 
An energy harvesting device can be used to eliminate these issues in miniature 
DBS devices. In this thesis, radio frequency (RF) energy harvesting is 
considered for powering a miniature DBS device. RF waves are transmitted from 
a dedicated far field source at industrial, scientific and medical (ISM) band of 
915 MHz, and then captured and rectified using an efficient rectenna consisting 
of an antenna and a Schottky-diode-based rectifier. The antenna captures 
incident electromagnetic (EM) waves and the rectifier circuit converts the 
received waves to direct current (DC) energy to operate a miniature head-
mountable DBS device.  
To get a compact and high-performing antenna, planar dipole and planar 
inverted-F antennas (PIFAs) are investigated. It is found that the PIFA type, 
meandering technique, and multi-layer structure can reduce the antenna size 
significantly. Moreover, the antenna parameters of PIFAs remain stable, while 
they operate in different environments such as on a rat model. Other advantages 
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of the designed PIFAs are their simpler structure, light weight, low cost, and ease 
of fabrication. In addition, to achieve an optimum rectifier, different rectifier 
architectures are designed and simulated using low forward-voltage-drop 
Schottky diodes. The design and simulation of the rectifiers are performed using 
Agilent Genesys software. A dielectric substrate of FR-4 of İr = 4.5 and į = 0.02 
with thickness of 1.5 mm is used for simulation and fabrication of the rectifier 
circuit because of its low cost. The performance parameters of the implemented 
rectifiers are evaluated in terms of the input power level, conversion efficiency, 
output voltage, and optimum load resistance value. The developed rectifiers 
provide the higher efficiency compared to existing within the input power range 
from í5 dBm to 5 dBm. The conversion efficiency of the rectifiers significantly 
decrease for both increase and decrease of the input power level from this limit.   
The developed antenna and rectifier are connected together to form a rectenna. 
An L-section impedance matching circuit is used between the antenna and the 
rectifier to maximize the amount of power received. The impedance matching 
circuit also works as a low pass filter for the elimination of higher order 
harmonics and the improvement of the conversion efficiency. Finally, the 
developed optimised rectenna is used to operate a miniature DBS device in free 
space and with a homogeneous rat phantom. A powercast energy transmitter 
with maximum effective isotropic radiated power (EIRP) of 34.77 dBm at 915 
MHz is used as an energy source. According to the experimental results, the DBS 
device can be driven by the first implemented rectenna (rectangular PIFA and 
Delon doubler) at 30 cm distance from the RF transmitter. In addition, the second 
developed rectenna (circular PIFA and Cockcroft-Walton 4-voltage multiplier) 
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with a higher gain antenna is able to operate the device at 45 cm distance from 
transmitter. 
In order to assess the safety aspect of the developed RF energy harvesting device, 
a numerical model consisting of an RF incident wave transmitter, a receiving 
antenna, and a rat model is developed and simulated using finite element method 
(FEM) and finite-difference time-domain (FDTD) based EM simulation 
software tools of HFSS and XFdtd. The simulated EM fields and specific 
absorption rate (SAR) are found to be in the acceptable range, while the rectenna 
was capturing EM waves from a far field RF energy transmitter.  
The key contributions of this thesis are: (i) introduction of an RF energy 
harvesting approach for a miniature head-mountable DBS device, (ii) 
development of the compact planar antennas for EM energy reception at 915 
MHz, (iii) investigation of the impact of input power, rectifier topology, number 
of rectifier stages (e.g., diodes), and load resistance on the performances of the 
rectifiers, (iv) identification of an optimum rectenna for the miniature DBS 
device, (v) in-vitro validation of the combined DBS device through a 
homogenous rat phantom, and (vi) FEM and FDTD-based simulation of the 
energy harvesting model for the identification of the standard safety level.  
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C H A P T E R  O N E  
1 Introduction
1.1 Introduction
DBS is an effective treatment for a range of neurological and psychiatric 
disorders including Parkinson’s disease, essential tremor, dystonia, depression, 
obsessive compulsive disorder, Tourette’s syndrome, epilepsy, and chronic pain 
[1-3]. A typical DBS system consists of three key components including an 
implantable pulse generator (IPG), electrodes, and a programmer. The IPG is 
one of the main parts of a DBS system. It is a signal generator, which is 
implanted in the subclavicular or chest of patients. It delivers electrical pulses to 
the electrodes through an extension lead. The extension lead is an insulated wire 
that connects the IPG and the electrodes. The electrodes are inserted in the 
targeted region of the brain to deliver balanced biphasic pulse into the brain. The 
programmer is used for changing the IPG settings. It communicates with the IPG 
to adjust amplitude, frequency, duration, and polarity of the generated signals 
[2, 4-5]. Preclinical research involving laboratory animals is required to study 
the principles of DBS and the pathophysiological mechanisms whereby its 
treatment effects are facilitated [1]. Different types of DBS devices exist that are 
used in preclinical research in the laboratory animals. Most of the existing 
devices employ sophisticated circuitry, and are therefore large in size. In recent 
years, several miniature head-mountable devices have been reported in the 
literature [6-8]. The head-mountable devices can be classified as active or 
passive; the active devices are operated by a battery, whereas the passive devices 
are operated by an energy harvester [9]. Most of the existing head-mountable 
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devices are active, hence they encounter various issues such as large battery size, 
large battery weight, regular replacement of the battery, and so on [10-11]. Thus, 
it is obviously required to substitute the battery in a head-mountable DBS device 
with an energy harvesting system [11-15]. Energy harvesting is a process by 
which a ceratain amount of energy (i.e., depending on the method of harvesting) 
is derived from ambient environmental sources, captured, and stored for small, 
wireless devices, such as DBS devices. Energy harvesting also refers to as power 
harvesting or energy scavenging.  
Various energy harvesting approaches can be used for replacing/charging the 
battery in DBS devices. For miniature, low-power-consumption devices, power 
can be supplied by scavenging energy from either ambient energy sources or 
from a dedicated energy source [16]. Ambient energy sources include vibration, 
solar, temperature gradient, wind, pressure, EM/RF wave, acoustic, among 
others. In regards to RF wave, the power that transmitters scatter into the 
environment, ranges from television transmission stations to cell phone 
transmitters and even wireless routers or mobile phones, can be used as ambient 
energy sources for energy harvesting to deliver the continuous power for the 
DBS devices [4]. However, the obtained power from ambient energy sources 
using a small size harvester is low and thus inadequate to operate a DBS device. 
In addition, taking into account the constraints on natural resources, impact on 
the environment, reliability and safety issues, energy from a dedicated RF 
transmitter can be used to power DBS devices. The RF energy harvesting from 
a dedicated fed source in far field region, known as wireless power transmission, 
is focused in this thesis. Currently, the concept of wireless power transmission 
is being used in numerous number of applications including ultrahigh frequency 
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radio-frequency-identification devices, industrial sensors, and sensor networks 
[16].  
RF energy harvesting in a passive DBS device requires a rectenna, which 
consists of an antenna and a rectifying circuit. The antenna receives the incident 
RF wave from a dedicated RF transmitter in its far field region. Whereas, the 
rectifier converts the alternating current energy received by the antenna to DC 
energy, which is utilized to operate the DBS device. The low amount of power 
generated from the rectennas is one of the main barrier of this energy harvesting 
technology. Optimization of the device is a way by which the output power of a 
harvesting device can be noticeably improved.  In regard to the device 
optimization, various antennas and rectifier configurations are developed in this 
work. The inputs to the optimization problem are frequency, size constraints of 
the device, and available input power. The selection of operating frequency for 
the energy harvesting link is also crucial. Most of the medical devices, which are 
operated by RF link use either medical implant communication service (MICS) 
band of 402 MHz, or the ISM  band of 433 MHz and 2.45 GHz [17-19].  The 
ISM band of 915 MHz has been considered in this thesis for energy harvesting 
link as this frequency is higher than the MICS band of 402 MHz; thus, offering 
smaller receiving antennas. Moreover, the frequency of 915 MHz is lower than 
the ISM band of 2.4 GHz, therefore, reduces the dielectric loss inside biological 
tissues. Additionally, special attention has paid to achieve regulated DC power, 
which is desirable for all electronic device. In regard to the rectifier circuit, a 
charge pump-type circuit is used to accumulate charge during the entire 
alternating current (AC) cycle rather than for just a part of it, which is usually 
found in the traditional bridge rectifier. The outcome of the optimization 
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problem is equipped with a device with optimized geometry, and maximum 
power output for the specified application of DBS.  
1.2 Motivation of the Work
The concept of wireless power transmission is not new as Nikola Tesla 
experimentally validated an inductive power transfer in 1891 [20]. Moreover, 
energy scavenging from the environment through windmill and water wheels 
have been available for centuries. Research has been carried out on large-scale 
energy harvesting techniques for a long time. Recently small-scale harvesting 
has gained enormous attentions. Generally, a small-scale energy harvester 
obtains hundred nanowatts to few milliwatts of power from the environmental 
sources according to the type of source, size of the device, and the performance 
of the conversion circuit. With the advances in RF technology and diodes 
characteristics, wireless power harvesting through small rectennas has 
progressed significantly over the past few years. Nowadays, small-scale rectenna 
based energy harvesting techniques are being used in different applications 
including radio frequency identification (RFID), sensor network, down-hole 
telemetry system, and so on [16]. More recently, researchers have paid attention 
to wireless energy harvesting in implantable devices [21]. However, most of the 
existing wireless power recovering devices for medical applications involve low 
power transfer efficiency and inductive coupling. The wireless power 
transmission through induction is limited to very small distances and the 
transmission efficiencies rapidly decline as the distance between transmitter and 
receiver increases. Moreover, the close proximity transmitters in inductive 
coupling to the biological tissues can have destructive effects. However, there 
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have been several attempts in far field power transmission within the EM 
spectrum with varying degrees of success. These issues along with the 
followings have motivated this project to harvest energy from a far field RF 
source in passive head-mountable DBS devices. 
1) DBS devices incorporate more advanced functions (e.g., closed loop 
operation), which leads to increased battery power consumption, even though 
there have been advances in low-power electronics. As a result, a battery 
occupies a substantial percentage of total device size and weight. A battery also 
needs maintenance because it regularly requires re-charging and/or replacing. 
Moreover, battery manufacturers use new materials and chemicals to boost 
battery energy density, which leads to growing safety concerns. In addition, a 
battery has certain environmental concerns associated with its disposal. Energy 
harvesting can alleviate these problems by offering longstanding operation, 
reduced size and weight, and minimized maintenance.  
2) In DBS research, preclinical studies on animals, which can be modelled for 
different neurological diseases, are essential because they provide clinicians 
with the evidence-based feedback to validate their stimulation parameters and 
brain targets. Moreover, animal research also provides an experimental basis for 
uncovering physiology and pathophysiology with applicability to the 
development of novel therapeutic applications, new targets, and validation of the 
optimum set of stimulation parameters [22]. Although different animals are used 
in different studies, rats are the most commonly used laboratory animals because 
of their availability and similarity with human neurons [23]. In order to improve 
the quality of preclinical work, the animal needs to be able to freely move, sleep, 
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eat, swim in water, and carry out several other activities, which can be obtained 
by a wireless DBS device. In contrast, when they are connected to the DBS 
device via long wires, normal behaviours and behavioural tests are substantially 
restricted. Thus, the progress of understanding the therapeutic mechanisms and 
effect of DBS will benefit from preclinical studies on rats by using a passive 
device operating by an energy harvester.  
3) Energy harvesting can be used for implantable medical devices including 
DBS. Implantable DBS devices that already existed are normally run by 
batteries. The main problem with battery operated DBS devices is the risk of 
invasive surgery to replace the battery on a regular basis as it has a limited life 
span. If energy harvesting could be integrated into a DBS implant, recharging or 
elimination of the battery would be possible. The DBS device operated by the 
harvested energy will save money: an estimate for the cost of a replacement of 
battery is about £ 8,397 [24], which can be saved many times. The development 
of a far field RF energy harvester for a head-mountable DBS is the first step in 
creating implantable DBS devices.  
4) Energy harvesting can be applicable to other applications including RFID 
tags, wireless sensors, which are being used in remote locations. RFID tags and 
sensors allow us to track any lives/objects, to gather information, and to assess 
information from remote locations. Energy harvesting is effective for these 
applications because replacing batteries is difficult, expensive, and simply 
impossible. 
5) It is observed that it would be difficult to convert a small AC to DC using a 
conventional Schottky diode-based rectifier circuit because the forward bias 
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voltage of a diode can be between 0.2 V to 0.6 V [25]. Moreover, the raw output 
power of harvesting devices quoted in the literature have been reduced for losses 
that will occur during the conditioning process. It is motivating to note the gained 
advantages, for example RF can give power over distance where no other 
environmental energy sources are available. Moreover, even though DBS 
research has been carried out on rat, very few systems have considered energy 
harvesting. Whilst some recent researches have been conducted on near field 
energy harvesting, very few researches are on far field energy harvesting. In 
addition, the output power of a rectenna is the fundamental parameter that 
determines the energy harvesting system feasibility, leading to the focus on the 
improvement of the rectenna as the research problem. 
Each of the aforementioned arguments provides a valid justification for energy 
harvesting from a dedicated fed source. In addition, power consumption of the 
electronic devices are continuously decreasing. If medical devices including 
DBS devices can consume very low power, energy harvesting from the 
environment sources or human body will become more feasible. Currently, there 
is an obvious gap between the energy requirement of a DBS device and the 
power that can be scavenged from natural sources, which motivate us for energy 
harvesting from a fed RF source. 
1.3 Proposed Research Approach 
RF energy harvesting in a passive head-mountable DBS device for rat studies is 
the proposed research approach, which is shown in Figure 1-1. The system 
consists of an RF energy transmitter, a rectenna, a DBS signal generator, and a 
rat model. DBS research requires laboratory animal tests before clinical trials on 
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human, and a head-mountable DBS device is popular for animal research. 
Therefore, the first prototype of the passive device is head-mountable not 
implantable. Moreover, a laboratory rat is considered for animal tests because of 
its availability, similarity with human in terms of brain neurons, and the ability 
to be modelled for different neurological diseases. Taking into account the 
constraints on natural resources, the impact on the environment, the reliability 
and safety issues, the reception of energy from a fed RF source is used to power 
DBS devices. The fed RF source transmits energy in the far field region. One of 
the main components of this wireless power harvesting system is the rectenna, 
which consists of a rectifier circuit and an antenna. The antenna receives the far 
field RF waves from an external dedicated source, whereas the rectifier converts 
the received RF waves to DC output power to operate the DBS device. This work 
focuses on an optimum rectenna design and the performance evaluation of the 
designed rectenna in a DBS stimulation device on a rat model.  
RF wave
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Figure 1-1: Energy harvesting in a miniature DBS device for rat studies. 
 
The design and optimization of the rectenna involve two parts including antenna 
design and rectifier design. The challenge for the antenna design includes 
reducing the antenna size. This challenge can be tackled by using PIFA type, 
meandering technique, and multi-layer structure of the antenna. The compact 
PIFAs with spiral radiating patch are developed in this work. The details of the 
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designed antennas will be discussed in Chapter 3. This study also addresses 
another challenge that involves designing a small rectifier circuit for RF signal 
conversion. Although most of the developed rectifiers for medical applications 
employ the complementary metal–oxide–semiconductor (CMOS) technology, 
the fabrication process of CMOS-based rectifiers is complex and expensive, and 
their conversion efficiency is lower than that of the diode-based rectifiers at 
moderate input power levels. On the other hand, the Schottky diode-based 
multiplier is a simple and inexpensive rectifier for RF signal rectification. 
Despite its simplicity and higher conversion efficiency, limited works have been 
reported in the literature on its medical applications specially DBS studies. 
Therefore, this study focuses on a Schottky diode-based rectifier design. To 
achieve an optimum Schottky diode-based rectifier, various rectifiers need to be 
fabricated and analysed, which will be discussed in Chapter 4.  
In rectenna design process, impedance matching between an antenna and a 
rectifier circuit is indispensable to enhance the performance of the rectenna. The 
difference in impedance between the receiving antenna and the rectifier 
significantly affects the flow of current into the rectifier. The change to flow the 
current causes reflection loss and thus reduces the output DC power of the 
rectifier. An impedance matching circuitry can reduce loss and boost up the 
rectifier output. Due to the space volume limitation, a first order L-matching 
network, which also works as a low pass filter is used for impedance matching. 
The matching circuit is incorporated with the diode rectifier. The performance 
of a Schottky diode-based rectifier is also influenced by the value of load 
resistance. Whilst the output voltage of the rectifier is high at a high value of 
load resistance, the efficiency is low. Maximum efficiency can be achieved at a 
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particular load resistance. In this application, the value of the load resistance is 
the input resistance of the DBS pulse generator. Therefore, the optimum load 
resistance of the rectifier should be equal to input resistance of the pulse 
generator. A low-power micro DBS pulse generator developed in our research 
group, is employed in this study. The rectenna supplies DC power to the DBS 
pulse generator enabling it to generate current pulses according to preclinical 
specification. In this research, in-vitro test of the passive DBS device is 
conducted by using a rat model.   
When a rectenna is mounted on the rat head for an in-vitro test, the proximity of 
the dielectric tissues affect the rectenna performance and eventually the quality 
of the wireless connection. Consequently, the assessment of the rectenna 
parameters taking into account its interaction with the head and body of a rat is 
performed. Moreover, the incident wave from the external RF transmitter, and 
the induced EM fields from the electrical current flowing into the antenna cause 
power absorption in biological tissues of rats. The power absorption, which 
occurs due to polarization losses, need to be identified to fully characterize the 
safety level. A simulation-based study is carried out to validate safety standards 
by calculating power absorption (e.g., SAR) rate in rat head model.  
1.4 Thesis Goal and Tasks 
The research question can be stated as: “To what degree can the performance of 
a compact rectenna be enhanced and a DBS device be made passive by using RF 
energy harvester?” To answer this question, the primary goal of this thesis is 
identified and different tasks are carried out. The primary goal of this thesis is to 
improve the performance (e.g., conversion efficiency, output voltage) of an RF 
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energy harvester operating at 915 MHz for a passive DBS device by developing: 
(i) an optimum rectifier, which is a Schottky diode-based rectifier providing 
maximum efficiency, necessary output voltage, and optimum load resistance at 
low input power, and (ii) a compact antenna whose size is reduced by using a 
planar dipole and PIFA type. Since the energy harvester (e.g., rectenna) is 
designed for a head-mountable passive DBS device, this research also aims to 
test a passive DBS pulse generator, while placed on the head of a laboratory rat 
model.      
 The tasks considered in this thesis are as follows: 
x To conduct a comprehensive literature review to investigate the findings 
of RF energy harvesting through a rectenna system in small-scale devices 
particularly medical devices. 
x To investigate the performance of planar dipole antennas and PIFAs so 
that a compact, high performance antenna can be used with a rectifier.  
x To identify the key design parameters affecting the performance of 
antennas, while working with a rat model. 
x To design and simulate rectifiers with various configurations through an 
EM simulation software, which helps in analysing the operation of 
rectifiers to find an area in which the performance can be improved. 
x To investigate the performance of a rectifier and identify the impact of 
different parameters (e.g., input power, number of stages, load resistance, 
and circuit topology) in the rectifier performance through simulation and 
experiment.  
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x To identify the optimum rectifier configuration for the operation with a 
DBS pulse generator from the measurement data.  
x To investigate the performance of the rectenna in free space by varying 
different factors including distance and load resistance.  
x To examine the performance of the rectenna with a rat model to find out 
the effect of dielectric tissues.  
x To investigate the performance of the passive DBS device comprising a 
pulse generator, a rectifier, and an antenna in free space.  
x To evaluate the performance of the passive DBS device with a rat model 
for in-vitro tests. 
x To develop numerical models, which consist of an RF incident wave 
transmitter, a receiving antenna, and a rat head model, and carry out 
simulations using high frequency structure simulator (HFSS) software so 
that SAR in rat can be determined for safety assessment.   
1.5 Thesis Contributions 
The main contributions of this thesis are as follows: 
1. Carried out a comprehensive literature review 
- A comprehensive literature study is conducted on the existing small-
scale RF energy harvesting techniques for various applications 
including medical devices. 
- The study covers the recent trends, developments, and performance 
analysis relating to RF energy harvesters.  
 
2. Designed, fabricated and tested compact antennas  
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- A comprehensive theoretical formula is developed for the resonance 
frequency and feeding technique for a planar dipole antenna and a 
PIFA. 
- The size of the antennas are reduced by applying the meandering 
technique, and shorting the ground plane with radiator, which refers 
to as PIFA. 
- The functional effect of the antenna, while situated on tissue 
simulating rat model, is investigated. The impact is mitigated by 
changing antenna design parameters. 
 
3. Designed, fabricated and analysed  RF rectifiers with various 
configurations 
- Rectifiers are designed and simulated with the best selected circuit 
components, and compact dimensions for the proposed application.  
- The performances of rectifiers are enhanced by analysing the 
variations of rectifier output with different design parameters. It is 
accomplished from experimental results.  
- An optimum rectifier is selected based on the measured results for 
use in the proposed RF harvester.  
 
4. Devised an optimum rectenna for RF energy harvesting at 915 MHz in a 
passive head-mountable DBS device.  
- An optimum rectenna is built by choosing the best antenna and 
rectifier based on the experimental results. During the interface 
between the antenna and the rectifier, an impedance matching circuit 
is integrated to minimize the power loss.   
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- The rectenna performance is evaluated in free space as well as with 
a homogeneous rat model. The effects of load resistance and input 
power on rectenna performance are identified.  
- The conversion efficiency of the developed rectenna is compared 
with existing published results. 
 
5. Modified mathematical formulas to suit the designs of both antennas and 
rectifiers. 
   
6. Demonstrated a passive head-mountable DBS device operating at far 
field region from the RF power transmitter.  
- A low-power micro DBS pulse generator, designed by our research 
group is employed. Then, the developed rectenna is used to power 
this DBS pulse generator. Thus, a complete battery-less prototype 
DBS device is formed.   
- In-vitro experimental tests are conducted with the passive DBS 
device and a homogeneous rat model. The device successfully 
generates brain stimulating charge balanced pulses, while it is in far 
field region from an RF energy transmitter.    
 
7. Validated the experimental outcomes from the DBS device operated by 
the energy harvester against the output from the battery operated device.  
- The generated DBS pulses from the passive DBS device are 
compared with the pulses produced from battery operated device. 
Excellent similarity was found between the two results.  
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8. Developed a numerical model consisting of an RF incident wave 
transmitter, a receiving antenna, and a rat head model, and simulated 
using FEM to get SAR value for safety assessment.   
- Bio-compatibility analysis is carried out by developing a numerical 
model in finite element-based EM simulation software. The SAR 
analysis with a rat head-model verified biological tissue safety 
regulation imposed by the regulatory authority. 
1.6 Thesis Organization 
The thesis is composed of seven chapters including this introductory chapter.  
Chapter 2 presents a comprehensive literature study to identify the research gaps 
in the existing small-scale energy harvesting techniques. Firstly, an overview of 
various energy harvesting technologies and projected power from these 
technologies are presented.  Following this, the state of the art in the recent 
developments of the wireless RF energy harvesting is given. Next, the important 
reported realizations on the main parts of an RF energy harvester including 
antenna and rectifier are described. The performances of different rectennas 
reported in literature are compared. Issues for RF energy harvesting in DBS 
devices and parameters of existing head-mountable DBS devices are reported. 
Following this, a justification of the RF energy harvesting approach for a passive 
head-mountable DBS device is presented.  
Chapter 3 presents design, simulation, fabrication, and comprehensive analysis 
of the developed antennas, which include both planar dipole antennas and 
PIFAs. The chapter begins with an introduction and brief background 
information for antennas and their typology. Following this, antenna design 
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equations and feeding techniques for dipole antennas and PIFAs are presented. 
Antenna design, simulation and fabrication processes are also described. The 
measurement setup is illustrated before going on to explain outcomes. The 
simulated and measured data include antenna parameters in free space as well as 
with a rat. After explaining a detailed investigation of different parameters, 
comparisons among developed antennas are presented.  
Chapter 4 focuses on the rectifier section of the rectenna. The chapter starts with 
a basic rectifier configuration. Following this, some issues in rectifier design 
including motivation, theoretical background, diode selection, impedance 
matching, rectifier topologies and stages (e.g., no of diodes) are explained. The 
design and fabrication process are described, before going on to present 
experimental results. Rectifiers with various configurations are presented 
incorporating the operational explanation of the circuits, measured data and its 
analysis. The analysis includes the variation of rectifier conversion efficiency, 
output voltage, with input power and load resistance. The explanations of 
different design parameters with a correlation to the performance parameters 
particularly output voltage are mathematically demonstrated. The comparison 
among different rectifiers performance is presented to achieve an optimum 
rectifier for the proposed application. 
Chapter 5 focuses on the description of the passive DBS device. It begins with a 
description of the theoretical concepts of a rectenna-based harvesting energy 
from an RF transmitter. Following this, the performances of the developed 
rectennas comprising prototype antennas from Chapter 3 and prototype rectifiers 
from Chapter 4, are shown in free space. Some initial experiments to validate 
 17 
the operation of a passive DBS pulse generator through the developed rectennas 
are presented. These experiments were carried out in free space as well as with 
a homogeneous rat model. The findings from these experiments are discussed 
and a conclusion is drawn.  
Chapter 6 presents the results of the FEM and FDTD simulations, which are 
conducted to validate biological safety regulation imposed by the regulatory 
authority. Initially, theoretical concept of SAR, which determine the 
electromagnetic absorption rate in a rat head-model, is described. Following this, 
the values of the SAR and E-field in a six-layer conical head-model and in a 
complete rat model mounting with receiving antennas are described. Findings of 
these simulation-based studies are explained and a conclusion is drawn.  The 
chapter ends with a short summary. 
Finally, the conclusions and future works are described in Chapter 7. Following 
the given research contributions, the implications for the work are discussed, and 
the chapter ends with a number of recommendations for future work in this area 
including possible solutions. 
1.7 Summary
This chapter presented the fundamental principles of the energy harvesting, 
components of the system, and natural sources of energy around us. The 
motivations for conducting this research were given. It also described the 
proposed RF energy harvesting system for a head-mountable DBS device. It 
started with an illustration of the whole system. Thereafter, it discussed the key 
role of each part of the proposed system. In addition, introductions to the thesis 
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goals as well as the main contributions of the thesis were highlighted in this 
chapter. The organization of the entire thesis was also given. 
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C H A P T E R  T W O  
2 Literature Study 
2.1 Introduction
Electrochemical batteries are the main source of power for wireless sensors, 
wearable electronics, and implantable medical devices. However, battery 
technology is developing at a remarkably slower pace in term of size and energy 
density. Moreover, battery replacement in hostile, large terrains and inaccessible 
areas is quite expensive. Thus, energy harvesting is a solution to extend the life 
and reduce the volume of electronic devices [26]. Energy can be harvested from 
natural resources in the environment as well from EM sources, which include 
ambient EM sources and fed sources. The fed sources are particularly intended 
to transmit energy from one place to another via EM wave. The three-
dimensional means of transferring energy through air media is referred to as 
wireless power transmission (or RF power transmission) and it has become an 
interesting technology in the world for supplying energy in remote devices. The 
transmitted RF energy is scavenged via a rectenna system, which consists of a 
rectifier and an antenna. The overall performance of an RF energy transmission 
system significantly depends on the efficiency of the rectenna [27]. 
2.2 Overview of Energy Harvesting Technologies 
Energy is the limiting factor in portable devices. It constrains the autonomy, 
weight and size of handy devices. To overcome the constraints on miniature 
portable devices, researchers are looking for methods to extract energy from 
natural resources including thermal effects, pressure gradients, solar and light, 
mechanical motion and vibration, micro water flow, acoustic, and momentum 
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generated by radioactive reaction [28]. Energy can also be harvested from 
radioactive specks, blood flow, and chemical reactions in the human body or 
biological cells. In addition, power can be harvested from ambient EM sources 
in the environment including transmitters scattered in their surroundings, and 
fed microwave energy transmitter as a dedicated source [16]. Roundy et al. [29] 
are among the early researchers who mentioned the possibility of energy 
harvesting from ambient sources for wireless sensor nodes.  Figure 2-1 shows 
different energy sources from which energy can be generated, stored and 
consumed. Some of the familiar natural energy sources are described below. 
   
Figure 2-1 : Energy harvesting sources. 
 
2.2.1 Solar 
Solar energy is a promising ambient source of energy in the environment to 
harvest for portable devices. Solar energy can only be harvested when there is 
direct light. In a solar power harvester, sun light is converted to electrical power 
by solar cells through the photovoltaic effect or by heating of fluid to generate 
steam. The harvested power from solar cells is a function of light intensity and 
temperature [30]. Solar cells are available in a wide range of sizes and power 
levels, and are the most mature and commercially proven energy harvesting 
solution [31]. Solar power technology can be categorised as outdoor or indoor 
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solar power according to the position of the photovoltaic system. Recently, 
small-scale solar cells are being used for energy harvesting in small portable 
devices. For instance, Veefkind and Flipsen [32] carried out experiments to 
harvest energy through a solar tergo for small portable devices. Moreover, an 
integrated solar energy harvester, which scavenged for energy by using an array 
of photo diodes and storage capacitors on a chip was reported by Guilar et al. 
[33]. This integrated harvester was able to operate with direct sunlight only. 
Solar energy could be an effective power source for non-implant medical devices 
[32].  
2.2.2 Thermal
A thermoelectric energy harvester operates by way of the heat flux passing 
through a thermoelectric element or thermo-generator, which may consist of 
multitude of such elements. The heat flux is generated by a temperature 
difference in the element. The voltage generated from the thermo-generator is 
proportional to the number of thermoelectric elements and the temperature 
gradients [34]. Recently, a number of articles on harvesting power for small 
sensors and wearable devices from human body heat have been reported. Among 
many of these reported articles, Leonov et al. [35] showed a thermoelectric 
converter that scavenged energy from the human body heat. In his book, Leonov 
[36] also presented watch-size thermoelectric wrist generators. These generators 
were able to work day and night, and were first utilised to power sensor nodes 
on human body. The Interuniversity Microelectronics Center also built a watch-
size thermoelectric generator to harvest energy from human body heat. The 
harvested energy was capable to operate a wearable passive wireless 
electroencephalography system [37]. In recent times, some works have reported 
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on thermoelectric devices affixed on the human body with improved 
performance. For example, Carmo et al. [38] proposed a miniature 
thermoelectric microconverter for energy harvesting systems. The 
microconverter was able to supply hundreds of microwatts to few milliwatts to 
a wireless ectroencephalogram (EEG) system based on the temperature gradient 
between the forehead and air. 
2.2.3 Air Flow  
Among the natural sources of energy, air flow is very consistent. Air flow (wind) 
energy is not only available in our environment, but small-scale air flow is also 
available in different situations around us, such as air conditioning and 
ventilating ducts, convection from heating sources, and on moving vehicles [25]. 
Air flow is a source of energy, which has been used by humans for thousands of 
years for steering ships and boats by means of sails, and for milling grain with 
windmills. But in recent times, air flow energy is being harvested by converting 
it into electric energy to meet the energy demand in the world. The basic 
principle of air flow energy harvesting is that the kinetic energy of the wind is 
converted into mechanical rotation energy, which is used to drive induction 
motors through a transmission system to produce electrical energy [39]. Small-
scale air flow energy harvesting devices either use a similar principle to large-
scale wind turbines or apply piezoelectric conversion [40].  Among the range of 
wind energy harvesters, small-scale implementation of the device is challenging. 
Pobering and Schwesinger [41]  proposed a small-scale energy harvesting 
system based on the flowing media for supplying power to wireless sensor 
systems. The generator used piezoelectric bimorph cantilevers to convert wind 
energy into electrical energy. A similar small-scale piezoelectric windmill, 
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consisting of ten piezoelectric bimorph transducers for energy harvesting from 
air flow, was reported by Priya [42].   
2.2.4 Acoustic
Another very low-level ambient energy source in the environment is acoustic 
noise. An acoustic transducer or resonator can convert acoustic energy into 
electrical energy. Recently, Wu et al. [43] developed a novel acoustic energy 
harvester employing sonic crystal and piezoelectric material. In this approach, 
power generation was dependent on the effect of the wave localization in the 
cavity of the crystal, and the piezoelectric effect of the piezoelectric material. 
Rare research efforts have been carried out on power harvesting from acoustic 
noise for a passive device. Amirtharajah and Chandrakasan [44] introduced an 
acoustic energy harvester for powering an ultra-low-power processing circuit. 
Their developed circuit was able to power ultra-low-power processing IC only 
at the very loud noise of 114 dB. This noise level was much greater than the 
ambient noise in air. In another article, Yildiz [45] reported that the harvested 
energy from acoustic noise is far too inadequate to be used for powering a 
device, except in cases of extremely high noise levels. Therefore, energy 
harvesting from ambient sound waves in the environment is not effective or 
efficient. 
2.2.5 Vibrations
Vibrations are a versatile source to scavenge for ambient power, for applications 
where vibrations are present. There are different types of sources of vibration to 
scavenge for energy. Low-level vibrations occur in house, office, cars and trains, 
whereas [46] energetic vibrations are found in large industrial equipment. 
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However, a microwave oven and office windows next to a busy street could be 
vibration sources as well. Three primary types of converter including variable 
capacitors (e.g., electrostatic), piezoelectric and inductor (e.g., electromagnetic) 
transducers are used to converts vibration energy into electric energy. Among 
the list of reported articles on vibrational energy harvesting, Roundy et al. [29] 
used low-level vibrations occurring in common household and office 
environments for energy harvesting and powering wireless sensor nodes. They 
showed that an optimised design can harvest energy density of 250 μW/cm3 from 
a low-level vibration source with an acceleration amplitude of 2.5 m/s2 at 120 
Hz. Moreover, a miniature vibration-based energy harvesting system, which 
converts kinetic resulting from vibration into EM energy, was noted by Rahimi 
et al. [47]. This compact and highly efficient system scavenged energy from low 
frequency (8 Hz) ambient vibration through in-house double coil EM 
transducers. 
2.2.6 Electromagnetic
Electromagnetic energy can be harvested either from ambient sources in the 
environment or from fed sources, which are used for energy generation and 
wireless transmission. The advantages of using EM energy are that it is 
environmentally clean, non-depletable, and low cost. Unlike other alternative 
energy sources including solar, thermal and wind, EM sources can deliver 
continuous energy and are not significantly hindered by bad weather conditions, 
time of the day, geographical aspects of the region, and indoor use [48]. The 
power that transmitters scatter into the environment, ranging from television 
transmission stations to cell phone, transmitters and even wireless routers or 
mobile phones can be considered as ambient sources of energy harvesting [16, 
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49]. Although the ambient EM energy available in the environment is a good 
sources of RF energy harvesting, obtaining a good amount of energy from 
ambient sources is challenging as the amplitude of the signals arriving at the 
rectenna system is considerably low, and the energy requirements for operating 
available devices are proportionally high. Thus, in specific applications that 
require more energy and have dimension constraints, a dedicated transmitter 
(e.g., fed source) at RF range can be used as an EM energy source [16, 48]. The 
fed source transmitting RF energy in the far field can work for any small-scale 
passive device including a DBS device. In some cases, the reliability of the 
power harvesting technique can be further increased by combining two power 
scavengers [50]. The combined scavenger is preferable if the application has no 
space limitations. Two scavengers may harvest energy from two different 
sources in which one could be a fed source, and another could be an ambient 
source.   
The EM energy from a dedicated source propagates from one point to another 
wirelessly, as a wave through the air, since it does not require any physical 
medium such as transmission lines. However, two types of EM energy 
transmission techniques such as inductive coupling and far field coupling are 
currently used to power remote devices [51]. In short-range communications 
between a transmitter and a receiver, inductive coupling may be used for 
powering the implant/wearable device. Conversely, the far field coupling uses 
EM waves from an antenna in the far field region to power the passive device. 
In this approach, an on-chip antenna or an external antenna is used for capturing 
the radiated power [52]. In this research, to increase the distance between energy 
transmitter and receiver, far field coupling-based energy transmission (also 
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referred to as RF energy harvesting) is emphasized. Figure 2-2 shows the basic 
principle of an RF energy harvesting system. On the receiving side of the energy 
harvesting process, the RF waves are captured by an antenna, which is the key 
part of the rectenna. The receiving antenna produces AC signals at its terminals 
from the captured EM radiation. Then, the rectifier converts the received AC 
signal to DC power. The DC power is then either stored in a super capacitor, 
used to charge batteries, or to directly feed the load [16, 53]. 
Storage capacitor
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Figure 2-2.  The basic principle of RF energy harvesting systems. 
 
The performance of an RF energy harvesting system significantly depends on 
the rectenna’s efficiency. Figure 2-3 shows a typical rectenna, which consists of 
five components: a receiving antenna, an input filter, a rectifier, a DC filter, and 
a load. The first component of the rectenna is generally a high performance 
antenna, which receives incident EM waves. The input filter is usually made by 
L-network, which perform not only impedance matching but also frequency 
filtering, and harmonics rejection. The third major component is the rectifier, 
consisting of either a single diode or multiple diodes. The rectifier configuration 
is chosen according to the output voltage requirements and available input 
power. The fourth component, DC filter, is mostly a decoupling capacitor to 
eliminate unwanted voltage transient or ripple after the rectification. The final 
 27 
component is the load. The load can be a super-capacitor, a battery or an 
electronic circuit, which needs to be driven by the generated DC power [48].  
 
Figure 2-3.  Components of a typical rectenna. 
 
The RF energy harvesting has some advantages and disadvantages, which are 
summarised here. The advantages are as follows [25]: (i) the input power at the 
rectenna terminal is controllable and predictable, (ii) the system does not contain 
any moving parts, and (iii) power can be harvested over distance. In contrast, the 
disadvantages of RF energy harvesting are as follows [25]: (i) it may require a 
fed dedicated source as ambient energy level is very low, (ii) free space path loss 
is high, as field strength drops off abruptly with distance and the loss is a function 
of frequency, (iii) efficient scavenging of energy is challenging with a small 
rectenna device because the efficiency depends on the size of the antenna, (iv) 
since EM radiation has an adverse effect on biological tissue, the amount of 
transmitted power is limited by the regulatory authority [54].   
2.2.7 Other Sources 
Some other energy sources have already been reported in the literature including 
human-and mechanical-powered energy systems, biological cells, blood flow, 
radioactive materials,  pressure variations, etc [55-58]. Among this variety of 
energy sources, the work exerted by humans can be used for energy generation 
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to power an electronic device. Humans’ energy-generating activity includes 
everyday activities, and intentionally performed actions. The intentional energy-
generating activities include pedalling, walking, arm motion, typing, etc. [55]. 
Among the number of published articles on energy generation from human 
activity, Gonzalez et al. [56] reported energy scavenging from mechanical 
movements of the human body for powering wearable devices. Starner [55] 
analysed power production from breathing, and blood transport. Görge et al. [59] 
also noted that human bodily fluids could be a source of energy. Glucose fuel 
cells are also another promising option as they produce electrical energy from 
physiological fluids, but the generated power is too low to operate an existing 
DBS device [60]. In another study, Lal and Blanchard [58] reported a new power 
source for portable devices. This new source involved energy released naturally 
by tiny bits of radioactive materials. Moreover, Knight et al. [57] mentioned in 
their review paper that another energy harvesting technique is based on pressure 
variations. In summary, these approaches are not very applicable to power 
medical devices because they either require large systems or harvest very low 
energy.  
2.2.8 Comparison of Different Energy Sources 
A literature review on different energy sources confirms that no single power 
source is adequate for all applications, and care should be taken for the selection 
of energy sources by considering the application characteristics. Table 2-1 
summarises the estimated power that can be harvested from different ambient 
sources around us. In an ideal situation, outdoor solar energy has the highest 
density among the reported sources, whereas indoor solar energy has a rather 
low one because the energy density drops as a linear function of light intensity. 
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Therefore, on a cloudy day or in an office environment, the density of solar 
energy is significantly lower compared to other means of energy scavenging.  In 
addition, direct sunshine is not applicable to a medical implant or wearable 
device, where no or not enough light is available; thus, solar energy harvesting 
for medical applications is not an effective solution. Moreover, the temperature 
difference in the industry represents a relatively high power density, but it is not 
applicable to medical devices.   
Table 2-1: Projected power from various ambient energy harvesting sources.   
Energy Source Harvested Power 
Vibration/Motion [48] 
Human 4 ȝW/cm2 
Industry 100 ȝW/cm2 
Temperature Difference [48] 
Human 25 ȝW/cm2 
Industry   1 – 10 mW/cm2 
Light [48] 
Indoor                10 ȝW/cm2 
Outdoor 10 mW/cm2 
RF [48] 
GSM 0.1 ȝW/cm2 
WiFi 0.001 mW/cm2 
Acoustic Noise [61] 
Human made noise  
0.003 ȝW/cm3 @ 75Db 
0.96 ȝW/cm3 @ 100Db 
Airflow [62] 
Air-stream  1 ȝW/cm2 
Human Power [63] 
Shoe Inserts  330 ȝW/cm2 
 
 
Mechanical vibration in the industry has also been proven to offer a relatively 
high power density, but the vibration energy density on a human/animal body is 
not sufficiently high. In addition, energy density from acoustic, wind flow 
methods lacks power density compared to other methods. The harvested energy 
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from ambient RF sources is also quite lower than other sources of energy. Thus, 
in specific applications, which demand more energy and have space limitations, 
a dedicated transmitter (e.g., fed source) can be used as an RF energy source. 
The energy density of a dedicated RF energy harvesting system is controllable 
and the RF harvester circuit could be very small [16, 48]. 
2.3 History of Wireless RF Energy Transmission 
The concept of wireless power transfer was introduced in 1820 when Andre-
Marie Ampere developed his law stating that an electric current produces a 
magnetic field. Following the development of Ampere’s law was Michael 
Faraday’s (1830) invention of electromagnetic induction, and James C. Maxwell 
(1864) and Heinrich R. Hertz’s (1888) contribution were influenced by it. In 
October 1831 Faraday discovered the direct current generator, comprising of a 
copper plate rotating between magnetic poles [64]. German physicist Heinrich 
R. Hertz demonstrated the propagation of electromagnetic waves in free space 
in 1888 [65]. Finally, Nikola Tesla experimentally validated inductive  power 
transfer in 1891 [20]. Tesla designed a resonant circuit that was capable of 
coupling a high frequency current into another resonant circuit of a similar 
structure. He was able to power a light bulb wirelessly with his circuit. Tesla’s 
experiment used a near field-based method. Then, Tesla conducted numerous 
experiments on wireless power transmission to far distances in the early 1900s 
[65]. Although initially he did not achieve fruitful results, his concept became a 
milestone for the future development of wireless energy transmission. Moreover, 
the invention of microwave power tubes including klystron and magnetron in 
the 1930s, and the development of rectifying diodes, stepped up wireless power 
transmission technology [66]. The efficient transmission of microwave power 
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through free space was successfully accomplished in 1950 through the 
development of microwave tubes and focusing electromagnetic waves into a 
beam [65, 67]. The first rectenna for efficient reception and rectification of 
microwave power was developed in the early 1960’s by Raytheon Company 
[68]. Brown developed the first voltage rectifying antenna (e.g., rectenna) in 
1963, which had an efficiency of 50% for 4 W DC output and 40% for an output 
of 7 W DC at an operating frequency of 2-3 GHz. Brown and his team continued 
their work to further microwave power transmission [65, 67]. The invention of 
semiconductor diodes by Sabbuagh and George for rectification was a 
significant milestone towards rectenna design [65]. The performance of the 
rectenna was enhanced by the innovation of Schottky barrier diodes.  
In 1970, NASA used a rectenna for its solar power satellite (SPS) program. In 
this space program, it researched and developed many wireless energy 
harvesting activities. NASA’s SPS program built a large rectenna with dipole 
antennas to gather the solar energy relayed by satellites in space as RF wave 
energy [65]. The use of semiconductor devices instead of microwave tubes for 
wireless power transmission was increased after the 1980s. The semiconductor-
based amplifiers and fast switching Schottky diodes contributed toward the 
progress of microwave power transmission [66]. Moreover, to increase the 
performance of the rectenna, researchers concentrated on array design. In 1999, 
Youn et al. [69] developed rectenna and rectenna arrays for wireless power 
transmission. The developed rectenna had a maximum conversion efficiency of 
75.6%, and the overall system efficiency was 33%. 
The development of wireless power harvesting through the rectenna has 
progressed considerably over the past few years because of technological 
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developments and numerous studies being conducted by institutes and scientists. 
Initially Tesla used a large antenna for his experiment. Later on, a small-scale 
antenna, a transmitter and a rectifier were built to operate at high frequency and 
high power with the advances in radio frequency technology and diodes 
characteristics. Nowadays, rectennas are being employed for different 
applications. For example, RFID technology is an obvious example of wireless 
power transmission, where a passive RFID tag operates using the power 
harvested from the incident RF power transmitted by the reader [70]. RF energy 
harvesting can also have an auspicious future as it produces a small amount of 
electrical power to drive wireless sensor nodes [71].  Moreover, the RF Energy 
harvesting scheme by conductive pipes that radiate RF signals was employed for 
down-hole telemetry systems for monitoring level of underground water and 
fossil fuel sources [72]. 
Recently, researchers also have paid attention to wireless energy harvesting in 
implantable devices. The most significant limitation of existing wireless power 
recovering devices for implants is the low power transfer efficiency and large 
size. Hu et al. [21] proposed an implantable power recovery module, which can 
harvest power from inductive RF telemetry and is dedicated to cortical or nerve 
stimulation applications. The fabricated integrated prototype has used CMOS 
0.18 ȝm technology. The device attained a power conversion efficiency of 
74.5% at frequency of 100 kHz when a regulated supply was used. This device 
provided 5 mA load current with dual regulated output voltages of 3.3 V/1.8 V 
to implantable circuitry. Moreover, the output DC voltage can be further 
increased by a DC/DC converter if the required load current is less [21]. In 
another study, a CMOS 0.18 μm technology-based power scavenging and 
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management system for ultra-low-power medical application was proposed by 
Kuan-Yu et al. [73]. This dual sources included solar and RF power scavenger, 
operated at 900 MHz and used multi-stage Dickson charge pumps with a single 
clock input for RF signal rectification. This designed scavenger was capable of 
providing 30 μW output power and 2 V DC voltage at í5 dBm RF signal. 
2.4 ISM Frequency Band 915 MHz 
In the design of a rectenna, care should be taken in the operating frequency, in 
transmitted power, attenuation in free space and surrounding media, and size of 
the rectenna. The operating frequency of an energy harvesting system is one of 
the most important issues as it determines the antenna size, losses in free space 
or surrounding media, and interference from the existing signals. In addition, 
when working on applications relating to wearable/implantable medical devices 
and involving RF radiation, the frequency selection becomes more vital because 
it determines not only antenna dimensions but also the penetration depth of 
energy into the body tissue, which eventually influences biocompatibility. 
According to the spectrum jurisdiction, medical applications have been 
exploited in various ISM frequency band of 434 MHz, 915 MHz, 2.45 GHz, and 
5.8 GHz and MICS band of (402 – 405) MHz [74].  
In recent years, the communication band known as the MICS band has been 
considered for various medical applications such as implanted biotelemetry, 
peacemaker, DBS, drug delivery, and so on. The MICS frequency band (402 - 
405 MHz) is a good choice for achieving low levels of attenuation, as the 
attenuation of the EM energy in the human body increases with the increase of 
frequency. But the MICS band has drawbacks such as large antenna size, and 
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low data rate. On the other hand, the ISM band of 2.4 GHz / 5.8 GHz offers 
smaller antenna size, and higher data rate, but have more dielectric loss inside 
biological tissues [75-76].  
Moreover, Gupta and Singh [77] reported that the longer wavelength at the ISM 
band of 434 MHz has a more uniform SAR distribution and a greater penetration 
depth than 915 MHz and 2.45 GHz. In addition, when lighter weight and low 
permittivity dielectric substrates are employed for applications at 434 MHz, the 
antenna dimensions are increased. Hence, we have selected the ISM band of 915 
MHz for energy harvesting in a passive DBS device because, this frequency is 
higher than the MICS band of 402 MHz and ISM band of 434 MHz; thus, 
offering small antenna size and high data rate. Moreover, the frequency of 915 
MHz is lower than the ISM band of 2.4 GHz/5.8 GHz, therefore, providing less 
dielectric loss inside biological tissues. Nowadays, researches involving ISM 
band of 915 MHz are available in literature. For instance, Harrist et al. [78] 
studied and developed an RF energy harvesting system to wireless battery 
charging operating at a frequency of 915 MHz.   
2.5 Antennas
The RF energy is scavenged by using a rectenna, consisting of an antenna and 
rectifier. The antenna is the main part of the rectenna that aids in the collection 
of radio waves. The antenna performs according to the principle that radio wave 
impinged on a conductor develop an alternating current at its terminal. Whereas, 
the rectifier converts the received waves to DC output voltage to supply power 
to the desired passive DBS device [79]. Numerous reports have been published 
on antennas of the rectenna with various shapes and designs. Among a number 
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of antennas, dipole, monopole, microstrip, helix, and PIFA are mainly employed 
for RF harvester. Basically, the selection of the antenna for a certain harvester is 
influenced by requirements and constraints. The main features, which could be 
considered in antenna design for rectenna application are radiation efficiency, 
weight, size, gain, and return loss of the antenna at the operating frequency [66]. 
In rectenna design for power harvesting from an ambient source or a fed source, 
it is hard to change the design of transmitting antenna. Therefore, the receiving 
antenna can be modified only, so that it becomes compatible to the transmitting 
antenna. In the literature, although most of the rectifiers have similar 
architectures, there exists different categorization of the antenna design for 
various applications. Among these, the circular structure of antenna is generally 
chosen for application that demanded directional flexibility of RF source [80]. 
The circular shape makes it easily implantable into the human head and 
convenient for head-mountable devices because it reduces the risk of tissue 
damage. In this section, the antenna used for RF energy harvesting can be 
categorized as small-scale and bulk-scale antennas. 
2.5.1 Bulk-Scale Antennas 
The antennas having dimension more than 20 mm × 20 mm at the operating 
frequency of 915 MHz is categorised as bulk-scale antennas. The most 
commonly used bulk-scale antennas available in the literature for compact 
energy harvesters are dipole, monopole, microstrip antenna, and PIFA. The key 
features, which influence the antenna design for rectenna applications are 
radiation efficiency, gain, return loss, harmonic rejection capability, weight, 
polarization, and size. The improvement of these features enhances the antenna 
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performance ultimately the rectenna output. Many research works have been 
carried out on the antenna design to improve these key features. 
The most prominent and attractive feature in the DBS application is the weight 
reduction because low weight antennas are convenient for the rat study. The 
weight of a planer antenna depends on the thickness of the substrate. Moreover, 
antenna on a thin and flexible microwave laminate is well suited for mounting 
into slightly curved surfaces. An interesting report on weight reduction was 
produced by Heikkinen and Kivikoski [81]. They showed that a circularly 
polarized shorted annular ring-slot rectifying antenna on thin laminate perform 
similarly to the antenna on a thick rigid laminate. This low weight antenna is 
desirable for portable wireless devices operating without batteries. Another 
effort for the weight reduction was recently made by using polyethylene 
terephthalate (PET) foil, an optically transparent material. A light weight 
antenna on PET foil was manufactured by Vullers et al. [82]. 
Moreover, the performance of a rectenna can be enhanced by incorporating 
harmonics rejection capability at the antenna input terminal. The unwanted 
harmonics lead harmonic reradiation and electromagnetic interference with 
proximate circuits and antennas and hence decrease efficiency. Generally, a low 
pass filter is used in between the antenna and the rectifier to remove harmonics. 
However, the antenna itself can reject harmonics in a rectenna circuit; thus, 
eliminating the need of pre-rectification filter. The elimination of pre-
rectification filter removes the additional insertion loss associated with the filter 
at fundamental frequency. Numerous reports have been published on the antenna 
with integrated harmonic rejection feature. Park et al. [83] developed a 
microstrip circular sector antenna having harmonic rejecting properties and 
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operating at 2.4 GHz. Figure 2-4 shows the rectenna with a circular-sector 
antenna that they presented. Their rectenna did not require the low pass filter 
between the antenna and the rectifying diode. The antenna itself had high 
reflection coefficients at higher order harmonics produced by diode compared to 
a conventional microstrip square patch antenna resulting improved rectenna 
conversion efficiency of 77.8%. The integrated harmonic rejecting property also 
reduces the size of the rectenna because it excludes the necessity components 
for a low pass filter between the antenna and the diode. In another study,  Yo et 
al. [84] reported an unbalanced slots structure for the compact circularly 
polarized patch antenna for 2nd harmonic rejection. Moreover, the patch antenna 
used radial stub for 3rd order harmonic rejection, which led to efficiency 
optimization and harmonic power re-radiation eradication. Dehbashi et al. [85] 
also carried out another investigation on harmonic rejection. They showed an 
inset fed u-slot microstrip patch antenna as can be seen in Figure 2-5 with high 
reflection coefficient at the second and third harmonics. The length of the inset 
in the particular point not only suppresses harmonics but also creates deep 
resonance of the antenna in the operating frequency.  
 
Figure 2-4.  Rectenna with a microstrip circular-sector antenna. Reprinted with 
permission [83].  
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Figure 2-5.  Inset-fed u-slot rectangular patch antenna with harmonic rejection. 
Reprinted with permission [85].
 
Among the characteristics influencing the design of an antenna, polarization is 
another important feature for rectifying antennas. Polarization refers to the 
orientation of the wave produced by the transmitter or received by the receiver. 
Antenna and wave with similar polarization are desirable as they are compatible. 
The rectenna performance is optimized if transmitting and receiving antennas 
have similar polarization [86]. Circular polarization is the most desirable for 
rectenna application because it evades the deviation of the output voltage caused 
by the rotation of the transmitter or receiver. Currently, research is being carried 
out to build circular polarized antennas. A  new technique to fabricate a circular 
polarization antenna was introduced by Ali et al. [87]. The geometrical 
configuration of the circularly polarized antenna that they presented is shown in 
Figure 2-6. They used a couple of slots in patch antenna to produce circular 
polarization. One slot creates a right-hand circular polarization, while the other 
slot creates a left-hand circular polarization. Recently, another novel circular 
polarized antenna at 925 MHz for wireless power transmission was designed by 
Sun et al. [88] The designed coplanar waveguide-fed wide slot antenna had the 
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right-hand circular polarization character. The antenna had í10 dB return loss 
bandwidth of 81.2 MHz, and measured gain of about í1 to 0 dBi.    
 
Figure 2-6.  Geometrical configuration of the circularly polarized microstrip 
patch antenna. Reprinted with permission [87]. 
 
Furthermore, the dimensions of the antenna bear significant value among a 
number of existing antenna features. The dimensions of an antenna depend on 
the operating frequency and type of the antenna. Once the operating frequency 
for a specific application is fixed, the dimension can be reduced by selecting 
suitable antenna type, shape, and technique. Some interesting approaches have 
been taken to reduce the antenna size including the meandering technique, novel 
antenna type, etc. In his book, Wong [89] studied a range of techniques to reduce 
the antenna size. Currently, the meandering technique is being employed to 
reduce the antenna size. The meandering technique in planar antennas increases 
the length of the current flow path and cut down the physical size of the antenna 
[89]. Kiourti and Nikita [90] conducted work on  miniature antenna design using 
the meandering technique. However, the meandering technique makes antenna 
inductive in nature. In another approach, because of its remarkable properties, 
PIFA has gain enormous attention for systems where the space volume of the 
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antenna is limited and there are a number of articles [17, 91] reported on it.  The 
PIFA is generally classified as a monopole antenna whilst resembling a 
microstrip antenna. It is a low profile modification of the quarter wave 
monopole, and belongs to the group of unbalanced antennas. PIFA (see Figure 
2-7) is an attractive antenna because the antenna size is in the order of Ȝ/4, whilst 
antenna gain and efficiency are quite low [91-92]. 
 
Figure 2-7.  Geometry of a PIFA. Reprinted with permission [92]. 
 
 Among many of the other reported antennas, dipole antennas have been studied 
significantly for energy harvesting. A dipole antenna consists of two quarter 
wavelength antennas attached at the center to a base making a T-shape. A dipole 
antenna is linearly polarized and its efficiency changes directly with the length. 
The length of a dipole, which determines the resonance frequency is half of the 
wavelength [93]. Moreover, the resonant frequency of planar dipole antennas is 
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different because the effective dielectric constant of the microstrip substrate 
associated with fringing fields hence the planar dipole ( see Figure 2-8) is smaller 
than standard dipole [94]. Some works have been reported on the monopole 
antenna design for energy harvester. For instance, a compact T-shaped 
monopole antenna was presented by Monti et al. [95] for EM energy harvesting 
at the associated European RFID band of 866.6 MHz. The antenna was 
capacitive loaded and used coplanar waveguide feeding line. The inter-digitated 
capacitors were used to load both arms of monopole so that its dimension 
declines. The proposed antenna as shown in Figure 2-9 had dimension of 46.5 
mm × 101.8 mm and dipole like radiation pattern with maximum gain of 2 dB. 
The proposed antenna along with a five stage Cockcroft-Walton voltage 
multiplier as a rectenna confirmed the suitability of electromagnetic energy 
scavenging from ultra-high frequency (UHF) RFID systems for powering 
sensors and other low-power devices. In another study, Chen et al. [96] presented 
a low cost loop antenna for the low  power applications of wireless power 
transmission at 900-950 MHz. Figure 2-10 shows the antenna that they 
presented. The loop antenna was developed on copper clad FR-4 material with 
volume of 60 × 80 × 0.8 mm3 and its size was reduced to 50% of the regular loop 
antenna by meander line structure. The designed antenna offered maximum 
antenna gain of 4.22 dBi and radiation efficiency of 97% at 925 MHz, and had 
bandwidth of 52 MHz.  
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Figure 2-8.  Planar dipole antenna with different width and length. Reprinted 
with permission [94]. 
 
 
Figure 2-9.  Layout of the capacitively loaded T-shaped monopole. All 
dimensions are in millimeters. Reproduced courtesy of The Electromagnetics 
Academy [95]. 
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Figure 2-10. Configuration of the loop antenna for wireless power transmission 
applications. Reproduced courtesy of The Electromagnetics Academy [96]. 
 
In addition, some more concerts are introduced to improve antenna performance 
in a rectenna circuit.  There is an effect of definite component and shape of the 
antenna on the performance and wave it propagates or receives. To increase the 
power received by the single element rectenna, a finite ground coplanar patch 
antenna having high gain of 9 dBi was proposed by Chin et al. [97]. The structure 
of the coplanar patch antenna that they developed is shown in Figure 2-11. In 
this new scheme, the antenna performed similar to a two-element antenna array 
in terms of radiation pattern, and gain hence making the rectenna circuit 
compact. Le et al. [98]  proposed an antenna as shown Figure 2-12 for wireless 
power transmission at UHF in the ISM band of 902–928 MHz. The antenna was 
designed on a printed circuit board (PCB) with two outer loops on each side 
connected to an inner loop in the center, and the meandering technique was used 
for each loop to reduce the area of the antenna. The line of symmetry splitted the 
antenna into two identical parts and worked as a virtual ground to produce the 
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completely differential signal at the antenna terminals. The dimension of the 
antenna of 15 cm × 2 cm was quite large in size. In his PhD thesis [99], Yeoh 
reported that Chang’s team significantly contributed to modern rectenna 
development during 1992 to 2007. Chang and his team were involved in solid 
state printed rectenna designs, which led to the development of wireless 
microwave power transmission. Though majority of their designs had similar 
system architecture, they developed various high efficiency microstrip antennas 
for rectenna applications. They used high performance antennas including 
dipole, rectangular patch, dual rhombic loops, bowtie retrodirective, and 
proximity coupled microstrip rings.  
 
Figure 2-11. Circuit configuration of the finite ground coplanar waveguide 
rectenna. Reprinted with permission [97]. 
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Figure 2-12.  Geometry of the loop antenna. Reprinted with permission [98]. 
   
In addition, since the usage of multiple frequency bands in wireless 
communication systems and other applications have been increasing, dual 
frequency band rectennas need to be developed. A dual frequency rectenna 
requires dual band antenna. A dual-band surface micro-machined cavity backed 
patch antenna for the rectenna application was proposed by Yu-Jiun et al. [100], 
operating at 2.45 GHz and 5.8 GHz. Figure 2-13 shows the structure of the dual-
band antenna developed by them. The antenna consisted with two elements, 
which include the slot ring and the slot rectangular with a maximum gain of 2.2 
dBi and 3.6 dBi, respectively. The slot ring antenna element in their work 
employed a meander structure to cut down its size to 52% of the regular ring slot 
antenna. The overall dimension of the rectenna with the metal panel was 43 × 
40 × 0.51 mm3. Moreover, the multi-band operation of the rectenna increases the 
efficiency of energy harvesting. For instance, Shao et al. [101] presented a planar 
dual-band antenna for RF energy harvesting applications. The dual-band planar 
monopole antenna operated at 900 MHz and 1900 MHz bands. Further work on 
dual band antennas for the rectenna applications was carried out by Li et al.[102]. 
They developed a dual band mono-pole antenna for parallel dual-band energy 
harvester. They reported in their study that the dual-band energy harvester 
architecture was able to harvest more RF energy compared to its single band 
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counterpart. In another investigation, Keyrouz et al. [103] presented a triple-
band simultaneous radio frequency energy harvesting system. In this study, a 
triple-band modified Yagi-Uda antenna (Figure 2-14) was used to harvest energy 
at 900 MHz, 1800 MHz and 2.45 GHz, simultaneously. As reported in their 
article that, the triple-band operation increased the combined system efficiency 
by 15% compared to the efficiency of each sub-system. 
 
Figure 2-13. The configuration of the compact dual-band rectenna. The gray line 
represents the slot ring antenna and the slot rectangular antenna. The black line 
represents the microstrip feed-line, bandpass filter, and rectenna circuit. 
Reprinted with permission [100]. 
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Figure 2-14. Fabricated triple-band modified Yagi-Uda antenna. Reprinted with 
permission [103]. 
 
2.5.2 Small-Scale Antennas 
The CMOS technology has scaled down the power requirement for electronic 
devices to ultra-low-power level, and presented a new horizon for miniature 
energy harvesting systems. This trend leads to energy harvesting for the 
miniature systems in which the battery replacement is difficult and wired power 
coupling is impossible. Moreover, if the desired lifetime of the system is 5 years 
or more, there is a requirement for battery replacement because of leakage [26].  
The miniature energy harvesting rectenna requires a small-scale antenna design. 
In small-scale rectenna systems, printed antennas are usually used for energy 
harvesting because of their simplicity, cost effectiveness, compactness and 
convenient integration capability [104].  For the purpose of miniature rectenna 
design, Kiourti and Nikita [90], proposed stacked multilayer configuration of 
PIFA, which is shown in Figure 2-15. Miniature stacked PIFA model: (a) ground 
plane, (b) lower patch, (c) upper patch, and (d) side view. Reprinted with 
permission [90]. 
. The multilayer stacked structure reduced the dimension of the antenna in XY-
plane with the cost of a little increased size along Z- axis. A more interesting 
way to reduce the antenna size is the selection of suitable antenna type. A PIFA 
is an attractive small antenna because its size is in the order of Ȝ/4 instead of Ȝ/2 
for dipole antenna. Moreover, the meandering technique can further reduce the 
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dimension of a planar antenna (Figure 2-15) [23, 90]. In addition, the antenna 
bandwidth enhancement and size reduction can be achieved by means of 
embedding hook-shaped slots at the edges of the radiating patches (see Figure 
2-16.) [105].  
 
Figure 2-15. Miniature stacked PIFA model: (a) ground plane, (b) lower patch, 
(c) upper patch, and (d) side view. Reprinted with permission [90]. 
 
 
Figure 2-16. Geometry of a bandwidth enhanced stacked planar PIFA. Reprinted 
with permission [105]. 
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A wide range of research has been conducted on miniature rectenna systems with 
very small antennas. Recently, Huang et al. [17] developed a miniaturized 
implantable antenna having a ʌ-shaped radiator with a stacked and spiral 
structure for rectenna applications. Figure 2-17 shows the antenna developed by 
them. The multi-layers stacked PIFA antenna with a dimension of 10 mm × 10 
mm × 2.54 mm was fabricated on a Roger 3210 substrate and provided 
maximum antenna gain of í11 dB at 433 MHz and bandwidth of 60 MHz. This 
antenna structure was appropriate for use in implantable devices operating in 
multiband biotelemetry [17]. In another study, Yo et al. [106] proposed a small 
stacked PIFA as shown in Figure 2-18 for wireless power transmission 
application at the MICS band. The antenna consists of three layers including one 
ground layer and two radiating layers. This circular stacked antenna had radius 
of 7 mm and thickness of 1.9 mm. The dielectric substrate of Roger 3210 with 
permittivity of İr = 10.2 was used to decline antenna size. The antenna attained 
bandwidth of 50MHz, and maximum antenna gain of í26.15 dB. 
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Figure 2-17. The geometry of a miniaturized implantable antenna for rectenna 
applications. Reprinted with permission [17]. 
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Figure 2-18. Geometry of a circular implanted spiral PIFA for wireless powering 
the medical implants. Reprinted with permission [106]. 
 
Among the existing small-scale antennas, the loop antennas are very simple and 
an amiable structure. A loop antenna generates comparatively small electric near 
fields but offers good coupling via the magnetic field hence, it is commonly 
chosen for wireless passive implants. For the loop antenna, the increase of the 
number of turns for a fixed input power increases input voltages, which in turn 
lead to a more efficient AC to DC conversion [107]. In his PhD thesis [107], 
Mark developed a miniature loop antenna having the dimension of 1 mm3 for 
powering mm-size wireless implants. However, this implant antenna was more 
sensitive to the magnetic rather than the electric near field and was used for near 
field application. He reported that the designed loop antenna harvests more 
energy from a segmented transmitting loop antenna of diameter 15 mm rather 
than a conventional loop antenna.  In another study, an on chip PCB loop antenna 
with a diameter of 1 cm was used by Shin et al. [108] to supply power to 
capacitance/temperature sensing device for intraocular pressure monitoring. 
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This wireless power transmission through RF EM wave was accomplished by 
an external reader operating at 1.97 GHz. 
 Further work on small-scale loop antennas was presented by Pivonka et al. 
[109]. They proposed a miniature loop antenna on a PCB using Rogers 4350 
substrate with dimension of 2 mm × 2 mm for wireless power transmission at 
1.86 GHz. A same size of 2 mm × 2 mm square loop antenna as shown in Figure 
2-19 was also considered by O'Driscoll et al. [110] operating at 915 MHz for 
wireless powering of implanted devices with adaptive link compensation. In 
addition, a micro scale antenna can be used for energy harvesting to implantable 
medical devices. An antenna with the dimension of 500 × 500 × 500 ȝm3 
integrated in a small implantable micro-device was presented by Anacleto et al. 
[111]. The model of the gold cubic shape antenna is shown in Figure 2-20.  
Although the efficiency of the designed cubic antenna was low, it operated in 
the range of tenths to hundreds of gigahertz.  The energy harvested by proposed 
cubic antenna was at least four times more than the energy harvested by the 
square loop planar design, while both antennas have same volume. The 
performance of the small-scale antennas are summarized in Table 2-2. 
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Figure 2-19. Scale representation of the transmit and receive loop antenna. 
Reprinted with permission [110]. 
 
 
Figure 2-20.  A cubic shape antenna with a volume of 500 × 500 × 500 ȝm3. 
Reprinted with permission [111]. 
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Table 2-2: Characteristics of small-scale antennas.  
Antenna 
type 
Resonance 
frequency 
Dimension Bandwidth 
Maximum 
gain in 
free space 
Radiation 
efficiency 
Reference 
Stacked 
PIFA 
915 MHz 
ʌ × 122 × 
1.8 mm3 
40 MHz 
í33.41 
dBi 
- [90] 
Triple-
band 
PIFA 
402 MHz, 
433 MHz, 
and 2.45 
GHz 
10 mm × 10 
mm × 2.54 
mm 
113 MHz 
for MICS 
band and 70 
MHz for 
ISM band 
í7 dBi - [17] 
Stacked 
circular 
PIFA 
402 MHz 
ʌ × 72 × 2.5 
mm3 
50 MHz 
í26.15 
dBi 
0.31% [106] 
PIFA 402 MHz 
8 mm × 8 
mm × 1.9 
mm 
122 MHz 
í37.96 
dBi 
0.55% [105] 
Loop 
antenna 
1.97 GHz 
10 mm × 10 
mm 
- - - [108] 
square 
loop 
antenna 
915 MHz 
2 mm × 2 
mm 
- - - [110] 
Cubic 
shape 
antenna 
2.5 GHz 
500 μm × 
500 μm  × 
500 μm 
- - - [111] 
 
2.6 Rectifiers 
The rectifier converts the received AC signal to DC power in RF energy 
harvesting applications. Rectifiers can be classified into two groups: active and 
passive. The active rectifiers require an external bias, while the passive rectifiers 
do not need such a bias. Whilst the Schottky diode-based rectifiers are passive, 
the CMOS-based rectifiers can be either active or passive [98, 112]. To enhance 
the performance of a rectenna, an optimum rectifier design is inevitable. 
A rectifier design needs to be carefully crafted. To achieve the required output 
DC voltage, generally a voltage multiplier with certain number of stages is 
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implemented. Whilst the increasing number of multiplier stages provides higher 
voltages to the load, the load current decreases and may result in delays for 
charging energy storage capacitor / battery. In contrast, fewer multiplier stages 
can supply sufficient load current for charging the capacitor quickly, but the 
output DC voltage may be lower than the required voltage of the device [48]. 
The L-matching circuit/filter circuit also has a substantial influence on the 
rectenna performance. A small change in the matching circuit parameters, 
modifies the input impedance of the rectifier considerably and the frequency 
range in which efficiency of the energy conversion is maximum. Therefore, 
matching circuits involve a complex interplay of design choices, which must be 
taken care for optimum rectifier design [48]. 
2.6.1 Active Rectifiers 
The CMOS-based rectifier, which requires an external bias for the rectification 
can be defined as an active rectifier. Although the efficiency of the active 
CMOS-based rectifier is high, it is not suitable for energy harvesting in a passive 
device because of its requirement for a bias generator. Some emerging 
approaches, including dynamic gate-drain biasing [112], floating gate 
transistors, and reverse current control scheme [113] have been proposed to 
increase the efficiency of CMOS-based active rectifiers. A comparatively more 
interesting way to overcome this problem, recently developed by Umeda et al. 
[112],  is by using dynamic gate-drain biasing. The dynamic gate drain biasing 
decreased the effective threshold voltage hence increased rectified voltage. The 
maximum rectification efficiency of 11% was obtained at an RF input power of 
í6 dBm. The conversion efficiency was still very low compared to rectifier in 
literature. However, they were able to develop the active CMOS rectifier with 
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high sensitivity for 950 MHz wireless power transmission system design. To 
improve the conversion efficiency further, Le et al. [98]  developed a CMOS-
based rectifier using floating gate transistors as rectifying diodes to achieve 
increased output voltages at very low received power. The floating gate 
transistor created a gate source bias hence diminished the threshold voltage loss 
of the transistor to enhance efficiency. The maximum measured efficiency of 
60% was achieved for 36-stage floating gate transistors-based rectifier at input 
signals of 50 mV and power of í22.6 dBm. 
In another approach,  Lam et al. [113] employed a reverse current control (RCC) 
scheme to increase the conversion efficiency, and DC output voltage, of an 
integrated CMOS active rectifier. The conversion efficiency of an active rectifier 
without RCC was worse at a low AC input voltage because of larger reverse 
current leakage. The RCC scheme effectively eliminated the reverse current, 
hence reduces the dropout voltage. Moreover, the rectifier with RCC has lower 
output ripple voltage than the rectifier without RCC. They reported that the 
rectifier with RCC had higher efficiency and DC voltage than the rectifier 
without RCC. An active rectifier with RCC achieved conversion efficiency of 
87% for an AC input of higher than 2 V. A two-stage concept including a 
negative voltage converter and the diode part was recently introduced by Peters 
et al. [114] to further increase the rectifier efficiency. They reported a two-stage 
full-wave active rectifier having high efficiency at ultra-low voltage down to 380 
mV. The integrated rectifier based on 0.35 μm CMOS technology achieved 
power efficiencies of over 90% at the operating frequency up to 10 kHz. This 
rectifier had higher efficiency because of very less voltage drop in forward 
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direction and nearly perfect current blocking in reverse direction. However, this 
rectifier only works with reported performance at lower frequency. 
Recently, the dual rectification scheme has gained attention to increase the 
efficiency of a rectifier and to make active rectifier fully autonomous. This 
arrangement will have both active and passive rectifier in combination. The 
passive rectifier will generates bias for an active rectifier. The active rectifier 
will use DC bias generated from the low threshold voltage Schottky diode-based 
passive rectifier, to convert directly the received RF signal from antenna to DC 
output power. To validate this concept, an experiment performed by  Rahimi et 
al. [47] showed that the incorporation of an active rectifier with a passive 
configuration enhanced the system efficiency by 84% and increased the output 
power by 185% compared to the system having only active rectifier [47]. In this 
work, they employed a high performance surface-mount device (SMD) for dual 
rail bias generator, and a custom CMOS active rectifier in an application specific 
integrated circuit. The active full-wave rectifier was a comparator-based 
rectifier, and passive rectifiers were in half-wave and 2-stage Dickson 
configurations. This dual rectification scheme increased the size of the rectifier. 
2.6.2 Passive Rectifiers 
The rectifier circuit, which does not require any external bias voltage is referred 
to as passive rectifier. The passive rectifier can be categorized as CMOS-based 
passive rectifier and diode-based rectifier. However, for high frequency and low-
power application, Schottky diodes are used in a rectifier circuit instead of PIN 
diode. In this subsection, a study of the CMOS-based passive rectifier and the 
Schottky diode-based passive rectifier is presented.   
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a.  CMOS-Based Passive Rectifiers
Current research trend in the RF wireless power transfer in a medical implant or 
non-implant device has moved to new paradigm because of the development of 
passive CMOS-based rectifiers. Some works have been already reported on high 
performance passive CMOS rectifiers for power harvesting in medical devices. 
Initially, the passive CMOS-based rectifiers had low conversion efficiency at 
low-power levels. Currently, research is being carried out to increase the 
conversion efficiency of a passive CMOS rectifier. Among  these, Nakamoto et 
al. [115] presented a passive CMOS-based full-wave rectifier with improved 
conversion efficiency. They utilized two techniques including internal threshold 
voltage cancellation circuit, and decoupling of parasitic capacitances in the 
cancellation circuit from the input terminals to improve the conversion 
efficiency of the rectifier. The full-wave rectifier had a single stage mirror 
stacked structure of two half-wave rectifiers. The stacked structure optimized 
conversion efficiency by multiplying the input voltage, rather than the output 
voltage, whereas the mirror structure helped eliminate the effect of the parasitic 
capacitances at the input. The measured efficiency of the rectifier was 36.6%, 
when the distance was 4 m, and the EIRP was 4 W. 
A self-threshold cancellation structure for efficiency improvement was 
developed by Kotani and Ito [116].  In self-threshold cancellation scheme, the 
Vth of MOSFETs was voided by applying gate-source boosting bias voltage 
created by output voltage of the rectifier itself. This scheme offered excellent 
power conversion efficiency especially in small RF input power level since it 
did not require any power dissipation feature to cancel Vth. The proposed self Vth 
cancellation CMOS rectifier achieved 29% conversion efficiency, which was 
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larger than ever reported conventional CMOS rectifiers at í9.9 dBm RF input 
power condition. Therefore, this technique performed better than the design 
proposed in [115] at the specified power level.  
Whereas, Shameli et al. [117] used an impedance transformation circuit to 
improve the performance of a CMOS-based passive rectifier operating at the 
UHF band of 920 MHz. The passive network, which was used for impedance 
transformation, raised the voltage amplitude at the input of the charge pump 
rectifier circuit. Then, the rectifier rectified a larger portion of the input signal 
hence, the efficiency of the rectifier was improved as the efficiency is a function 
of the input signal amplitude. The proposed charge pump rectifier circuit attained 
the sensitivity of í14.1 dBm at DC output power of 2 μW.  
In addition, in his book [118], Salter’s use of resonant tank-based matching 
circuit created a greater voltage swing and improved efficiency. The designed 
Villard voltage multiplier had higher performance than the tradition one because 
of the matching network, which resists parasitic losses, self-biasing to decrease 
the threshold voltage of diode connected CMOS, and floating the body of a p-
channel metal-oxide semiconductor (PMOS) to diminish losses. They attained 
the efficiency of 22.97% at 66 ȝW input power. However, Jabbar et al. [119] 
studied a modified form of passive CMOS-based Villard voltage multiplier for 
RF energy harvesting in remote devices. In the modification, they used only one 
self-biasing circuit for both transistors instead of two by Salter. Then, the 
rectifier attained up to 160% more output power over the rectifier presented by 
Salter at 0 dBm input power. 
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In another study, Nimo et al. [120]  proposed a novel fully-integrated passive 
rectifier in BiCMOS and standard CMOS technologies for inductively power 
harvesting into biomedical implants. Their designed rectifier replaced a pair of 
cross coupled transistors by a pair of diode connected transistors. The diode 
connected transistor replaced the threshold voltage with a drain-source voltage. 
However, the diode connected transistors-based rectifiers had the limitations of 
the substrate leakage current and parasitic components.  The addition of auxiliary 
MOSFETs with diode connected CMOS rectifier eliminated the substrate 
leakage and body effect, and consequently increased conversion efficiency. To 
increase the rectifier conversion efficiency further, the concept of a new boot 
strap united with cross coupled pair technique was introduce by Rahimi et al. 
[121]. The boot strap technique minimized the power losses due to the diode 
threshold voltage drops. The measured efficiency of their newly designed boot 
strap rectifier was 65%. 
b. Schottky Diode-Based Passive Rectifiers 
Schottky diodes, invented by Walter H. Schottky are preferable in small signal 
rectification circuit since they contribute minimum voltage loss due to extremely 
low forward voltage drop across the diodes. Moreover, these diodes are suitable 
for high frequency operation because of having high speed switching capability 
[122]. The recent advances in rectifier diodes requiring less forward voltage, 
promoted to Schottky diode-based rectifiers at low-level of input power. 
Currently, the RF-DC rectifiers constructed by using Schottky diodes achieved 
higher efficiency compared to the passive CMOS-based rectifiers at sufficient 
input power level.  
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The performance parameters including conversion efficiency, and DC output 
voltage, of a Schottky diode-based rectifier depend on various factors including 
input power level, characteristics of diode, rectifier configuration, and load 
resistance [49]. Numerous researches are being conducted to optimize these 
factors for rectifier performance improvement. Among the number of 
performance evaluating factors, the available input power should be considered 
first because it determine whether the rectifier will operate or not. Since the 
amount of input power captured by the antenna in a rectenna for medical 
applications is limited by the regulatory authorities, free space path loss between 
the energy transmitter and the rectenna, losses in surrounding body tissues, 
impedance mismatch between the antenna and the rectifier, and size limitation 
of the rectenna, the rectifier will have very small available power at input 
terminal. Thus, the rectifier needs to be optimized for high performance at low 
levels of input power [123]. In a study, Yamamoto et al. [124] described a full-
wave RF-DC conversion circuit at mw-power input using Schottky barrier 
diodes. The designed rectifier circuit had the maximum conversion efficiency of 
70.69%, at input power of 45 mW, and load resistance of 925 ȍ.  
 The choice of diode parameters is important to produce high output voltage at 
low input power levels [80]. Recently, a range of researches on diode 
characteristics are being conducted confirming that the performance of the 
Schottky diode-based rectifier significantly depends on the characteristics of the 
diode including voltage sensitivity, saturation current, internal resistance and 
capacitance, and breakdown voltage. For a specific RF power and frequency, the 
DC output voltage and rectifier conversion efficiency are limited by the voltage 
sensitivity of the diode. The millimeter wave Schottky diodes are chosen in the 
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rectifier design because of low turn on voltage and shorter transit time compared 
to a p-n diode. The low turn-on voltage is essential for the zero bias operation, 
and consequently for not operating in the steepest region of the I-V curve [125]. 
The internal resistance and capacitance of a Schottky diode can be presented by 
an equivalent circuit. The equivalent circuit of a Schottky diode consists of three 
elements including junction capacitance, junction resistance and series 
resistance. Maas [126] showed that the junction capacitance and series resistance 
govern rectifier efficiency, whereas junction resistance determines the turn-on 
voltage of the diode. The conduction losses increase with the increase of series 
resistance, hence conversion efficiency decreases. In another study, Huang et al. 
[17] reported that the efficiency of a rectifier is also influenced by the breakdown 
voltage of the diodes. The efficiency is faded if the input power becomes greater 
than certain value, which causes the output DC voltage to be exceeded the 
breakdown voltage of the diodes. If the RF input voltage is low, the effect of the 
breakdown voltage is not considered. The diodes having low threshold voltage 
is suitable for very low input RF power because of the recovered power by the 
low threshold voltage is more significant here compared to losses created by the 
diode series resistance. This happens because of the current across the diode, and 
the conduction losses are low at low-level of input power. However, at higher 
input power, the losses owe to the diode series resistance carry more impact than 
the power recovered by declined threshold voltage. Therefore, the series 
resistance has no importance for very low RF input power but has high impact 
for higher values of input power. Furthermore, the diode with a greater junction 
capacitance is not a good rectifier at a very low input RF power. A low value of 
junction capacitance is desired for all levels of input power [80]. In addition, 
Grover and Moddel [127] noted that a rectifier can couple energy efficiently 
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from the antenna, if diodes have low resistance and capacitance to produce the 
RC time constant of the rectenna smaller than the reciprocal of the operating. 
They also showed that the parasitic elements of the rectifier component are also 
important to determine the rectifier performance.  
There are different diode models available in the market and the selection of a 
suitable model for a specific application is vital for the rectifier performance 
enhancement. According to the simulation results conducted by author using 
Agilent Genesys software, the Schottky diode 1ps76sb40 performs better than 
the diode HSMS-286C at a high-level of input power, whereas the Schottky 
diode HSMS-286C significantly outperforms at a low-level of input power (e.g., 
<5 dBm) for the frequency of 915 MHz. However, Merabet et al. [80] presented 
that  the efficiency of the rectifier circuit made by using the HSMS-285C diode 
is higher than the circuit constructed by using the HSMS-286C diode for the 
input power levels of up to 5 dBm. In medical applications including passive 
DBS applications, the power received by the harvesting antenna is lower than 5 
dBm. In case of HSMS-285 diode, the critical value of input power for which 
the rectifier is susceptible to breakdown effect is 3 mW at a load resistance of 1 
kȍ. Accordingly, the HSMS-285C Schottky diode is one of the best options for 
the implementation of rectifiers in energy harvesting to DBS devices. The diode 
HSMS-285C in a SOT-323 package is available in market for constructing the 
rectifiers. 
The rectifier configuration is another factor determining the rectifier 
performance. According to numerous existing researches, the configuration of a 
rectifier used in rectenna system is determined by the type of antenna used, 
available input power, and the output DC voltage requirement [16, 128-129]. 
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The rectifier configurations especially the number of diode-capacitor pairs 
determine the rectifier output for a certain input power. If the number of diode-
capacitor pairs in the circuit increases, the DC output voltage rises, but the 
efficiency decreases [130]. The rectifier may contain a simple single diode 
configuration in shunt or series to the antenna, dual-diode configuration, or 
multi-diodes structures. The shunt diode is a good candidate for a balanced 
radiator, whereas the series diode configuration is normally used in printed 
rectenna operations [16]. To improve the detection sensitivity of a series diode 
rectifier, Zbitou et al. [131] presented a new series diode rectifier by employing 
a new technique of using a non-bias diode in series with the resistance as a load. 
Here, the second diode works as a variable resistor. They verified that this 
configuration improved sensitivity and efficiency. Their rectifier had an 
efficiency of 56% at 20 dBm input power for the frequency of 2.45 GHz. 
Moreover, in energy harvesting approach, if the load circuit demands higher DC 
voltage, and the available AC signal in rectifier input is sufficient,  a voltage 
multiplier circuit with two or more diodes can be employed [128]. For instance, 
a dual microwave Schottky detector (HSMS-286c) diodes-based voltage doubler 
rectifier was presented by Huang et al. in [17] for energy harvesting in 
implantable applications. The voltage doubler rectifier obtained optimal RF-DC 
conversion efficiency of 86% at 11 dBm input RF power for a frequency of 433 
MHz.  In another study, Olgun et al. [129] developed a two-stage Dickson charge 
pump voltage doubler multiplier circuit. In this rectenna, a miniature microstrip 
patch antenna with second iteration Koch fractal geometry was fabricated on a 
50 mil thick low loss RO3006 material. The measured efficiency of the rectenna 
was 70% at 2.4 GHz. The diodes in the multiplier were in parallel to RF signals 
and in series for the DC. In summary, if the rectifier input voltage is sufficient 
 65 
to turn-on the several diodes, the multiplier is the best option as a rectifier to 
achieve high voltage sensitivity. 
Among the rectifier performance evaluating factors, DC load resistance is easily 
adjustable. The DC load resistance is generally represented by a commercial chip 
resistor. Whilst the output voltage of the rectifier is high at a high value of load 
resistance, the efficiency is low. Maximum efficiency of a rectifier can be 
achieved at particular DC load resistance. This occurs because the output load 
resistance contributes the diode impedance, which in turn is affected by the input 
power level [132]. In another reported research,  Nimo et al. [49] presented that 
the efficiency and sensitivity of a matched rectifier circuit are subject to the 
source and load resistive impedances. Further work on the rectifier load 
optimization was conducted by Hagerty et al. [133]. They showed that the 
rectified DC power and conversion efficiency is regarded as a function of load 
resistance and DC circuit topology. 
In addition, numerous reports have been published on optimization of individual 
element of the rectifier to improve efficiency. Recently, Selvakumaran et al. 
[134] described that the output filter of the rectifier has an effect on the rectifier 
performance. The power dissipation because of harmonics is significantly 
minimized by using an optimized filter at the output of the rectifier circuit. 
Moreover, an optimized matching circuit configuration in input terminal 
manages the frequency bandwidth and the power bandwidth to improve the 
performance of rectifiers. The matching circuit also referred to as input filter not 
only maximizes power transfer from antenna to rectifier but also prevents the 
harmonics signal produced by the rectifier from reaching to the antenna terminal 
[132]. However, Zhou et al. [132] reported that the design of a matching circuit 
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is complicated because of variations of the input impedance with input power 
level and operating frequency. This happens because of the nonlinear behavior 
of diodes with the input power, and distribution of the EM field on microstrip 
lines with the operating frequency. There are different types of matching 
techniques including L-matching, PI-matching, and board band matching. Nimo 
et al. [49] presented that  an L-matched rectifier circuit could be realistic for an 
application where a bit of everything is required, whereas a PI-matching network 
having high quality factor could be suitable for narrow band applications, and 
broadband matching might be preferred for wide band operating with low Q 
factor around the frequency of interest. Recently, some novel structures of 
matching circuit are used for rectenna applications. For example, Suh et al. [135]  
reported a dual frequency printed diode rectenna system using a GaAs Schottky 
diode with a new matching scheme. In this approach, the higher order harmonics 
generated from the diode were eliminated efficiently by integrating a novel 
coplanar stripline low pass filter and two open ended T-strip band stop filters. 
On the other hand, in the approach of energy harvesting from the environmental 
ambient RF sources, the rectifier needs to tune at the desired resonance 
frequency. The adjustment of the resonance improves the rectifier efficiency. To 
validate this concept, Sogorb et al. [136] showed that  the resonance rectifier 
obtains more output DC voltage than non-resonance rectifier. The resonance 
network also boosts small signal to high amplitude swing so that it can drive the 
following rectifier stage. Moreover, Yan et al. [137] developed a rule of thumb 
for voltage boosting network, which indicates that the inductance would be as 
large as possible and a use suitable capacitor for specified frequency.  
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Therefore, an optimum rectifier can be designed by analyzing, and consequently 
selecting the best parameters. Since different applications demand different 
frequency, size, power, and voltage requirement, an optimization of RF 
harvesters is essential for particular application. Recently, Nimo et al. [49] 
reported a paper on the optimization of rectifier circuits using Schottky diodes 
for wireless energy harvesting applications. They showed the analytical 
parameters, which influence the sensitivity and efficiency of the rectifier circuits. 
In this concern, the impedance optimizations of Schottky diode-based rectifier 
circuits using different rectifier configurations and matching circuit structures 
were analyzed to characterize an optimum rectifier. This study can be considered 
as a base for selecting the appropriate rectifier configuration to meet a specific 
application requirement. However, they mentioned the optimization process for 
just two rectifier configurations, which is not enough.   
2.7 Performance of Rectennas 
Rectenna is the key component in wireless energy transmission systems and has 
attracted many researchers in the past decade. Although rectennas with different 
configurations are using in different application areas, they have a common 
structure that consists of an antenna, a rectifier circuit, and a DC load. Moreover, 
research has already been directed toward the rectenna development work for 
gaining high performance and for achieving compact size. Among many of the 
investigations for the development of rectenna, high conversion efficiency [138], 
low profile configuration [81], circular polarization [139], dual frequency 
operation [140], array configuration [139], and wide bandwidth operation [141] 
have been studied significantly. Researchers have shown that the efficiency of a 
rectifier increases significantly with the increment of power density. As the 
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power being transmitted increases, and separation between transmitter and 
receiver declines, efficiency increases. However, the extend of this trend 
depends on the characteristics of the didoes used in the circuit. For example, the 
rectifier developed by Ali  et al. [142] had conversion efficiency with a slight 
anomaly at power densities 0.75 mW/cm2, and had steep increase in efficiency 
up to 2 mW/cm2 density then it became stable. Moreover, circular polarization 
is the most anticipated for rectenna application because it evades the deviation 
of the output voltage caused by the rotation of the transmitter or receiver [139].  
In addition, array configuration of the rectenna enhances performance 
significantly as more than one rectenna work simultaneously and their output are 
added together [139].  Furthermore, a rectenna circuit can operate at more than 
one frequency bands. One frequency can be used for data telemetry and another 
frequency band for wireless power transmission. The dual or triple band 
operation of a rectenna circuit showed an improved performances in the work 
presented by Huang et al. [17].  
It is obvious that many challenges still remain, especially in choosing of rectenna 
configuration, selection of diode and frequency for a certain input power, and 
optimization of input filter, output filter, output load, etc. Within this literature 
study, the author has identified some rectifiers in the literature and the summary 
of these newly developed rectifiers are given in Table 2-3. In this table, only 
single element rectennas operating in the ISM band are presented. 
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The CMOS-based multipliers have been used in the literature for the requirement 
of high output voltage at low-level of input power [98, 143]. However, the 
fabrication processes of CMOS-based rectifiers are complex and expensive, and 
conversion efficiency is lower than diode-based rectifiers for high amplitude of 
input signal. Whereas, a simple and rather inexpensive rectifiers for RF energy 
harvesting is the Schottky diode-based multiplier. Despite its simplicity and 
much higher conversion efficiency, only a few works have been reported on the 
medical applications because of it is bigger in size than CMOS-based 
counterpart, and requires sufficient input voltage for operation [16, 88, 96].  
2.8 Array Configurations of Rectenna 
A single element rectenna suffer from disadvantages of low conversion 
efficiency and low output voltage due to the small amount of captured power. 
An interesting approach has addressed these problems by using array 
configuration of rectenna. Although in the miniature rectenna design for 
biomedical applications, array configurations are not feasible due to larger 
dimensions, researches have been conducted to build an integrated small array 
[147]. A rectenna array is formed by interconnecting rectenna elements in 
different configurations. The rectenna array can be categorized as homogeneous 
and nonhomogeneous array. The homogeneous array contains same rectenna 
elements, whereas nonhomogeneous array consists of various rectenna elements. 
The homogeneous array generally performs better than nonhomogeneous array 
[148]. Rectenna array is further divided into uniform and non-uniform antenna 
array based on the size of the antennas. Murao and Takano [149] proposed a 
non-uniform antenna array for microwave power transmission, which had a 
uniform amplitude antenna pattern on both the E-plane and H-plane and also 
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boarded main lobe beam width. The widen main beam was desirable so that the 
output voltage remained constant even though the rectenna had an improper 
beam alignment with transmitter. However, a non-uniform array with antenna 
elements of various sizes, may offer lower gain compared to uniform array [149]. 
Among many of the reported  articles, Shinohara and Matsumoto [150] noted 
that the identical rectenna elements, optimum load resistance, and careful 
combination of rectenna elements can provide optimum output voltage. 
Moreover, Ren and Chang [139] studied different array configurations including 
series, parallel, cascaded arrays, and the retrodirective array to identify an 
effective array. In another study, the author demonstrated that retrodirective 
array performs better than other arrays for RF energy harvesting [151]. 
Multiple energy harvesting antennas (array antenna) and sources can increase 
energy/area ratio and hence increase the amount of energy derived from space 
by an energy harvesting device [119, 152-153]. To validate this concept, Mi et 
al. [153] showed that an 83% increase in the area of the harvesting antenna  
increased the available power by 300%. Recently, researches have been 
conducted on rectenna array for RF energy harvesting. Among many of the 
reported works, Hagerty et al.  [152] developed a broad band rectenna array 
having 64 circularly polarized spiral elements to convert low-power density 
microwave radiation into DC power. This rectenna array can work in wireless 
powering of the industrial sensors and recycling of ambient RF energy. The 
integrated design disregarded matching and filtering circuits to have a compact 
element. The DC outputs of each array element were combined to get resultant 
output. The conversion efficiency was in the range of 0.1% to 20% for an 
incident power density of 5 × 10-5 mW/cm2 to 0.07 mW/cm2 over the frequency 
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range of 2–18 GHz. They noted that the rectifier efficiency and output DC power 
is a function of load, circuit topology, frequency, polarization, and incidence 
angle for certain power. Moreover, the parallel configuration of quartiles, which 
is defined by the 4 × 4 sub arrays showed the highest efficiency over the 
specified frequency range. In another study, Yeoh et al. [104] reported a linearly 
polarized decoupled dual dipole rectenna for wireless battery charging at ISM 
band of 2.4 GHz. The rectenna comprised of two efficient Villard’s voltage 
doubler rectifiers and two decoupled dual dipole antenna elements. Their 
antenna had a novel microstrip decoupling structure to reduce the spacing 
between antennas in array structures. The antenna obtained 5.6% bandwidth, 
about 4 dBi gain, and half power beam width in the XZ-plane of 1200 for 
individual antenna. The high isolation decoupling helped compact integration of 
rectennas for wireless power harvesting applications in portable devices. In 
summary, an array rectenna needs a large footprint on the dielectric substrate 
due to the multiple rectenna elements, hence existing arrays are not 
recommended to biomedical applications. However, extensive research might be 
able to form a compact rectenna array for energy harvesting in medical a device 
(e.g., DBS device). 
2.9 Challenges in RF Energy Harvesting in DBS Devices 
Different types of DBS devices exist that are used in preclinical studies on 
laboratory animals. Most of the existing devices employ sophisticated circuitry, 
and are therefore large in size. In recent years, several miniature head-mountable 
devices have been reported in the literature [6]. The head-mountable devices can 
be classified as active or passive; the active devices are operated by a battery, 
whereas the passive devices are operated by an energy harvester. Most of the 
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existing head-mountable devices are active, hence they face issues such as large 
battery size, large battery weight, battery replacement, and so on. Thus, a 
requirement is to substitute the battery in a DBS device with an energy harvester. 
Wearable medical devices including head-mountable DBS devices are areas 
where harvesting energy is a potential alternative to batteries. Since the power 
requirements of passive DBS head-mountable devices are as low as microwatts, 
the far field RF energy harvesting with a miniature rectenna is feasible. 
Moreover, the development of a far field RF energy harvester for a passive head-
mountable DBS is the first step in the development of a passive implantable 
DBS. However, RF energy harvesting in a medical device for DBS research 
encounters some difficulties, which should be taken care of during rectenna 
design. The most common difficulties associated with this RF energy harvesting 
for a passive DBS device are discussed in the following subsections. 
2.9.1 Effects of Tissue 
The interactions of the biological tissue with the antenna have both functional 
effect and biological effect. The functional effect includes the influences on the 
antenna performance due to the existence of dielectric materials near the 
antenna. The analysis of functional variation of the antenna in the vicinity of 
biological tissue compared to free space is important to establish a secure energy 
link. The tissue in the vicinity of a rectenna also influence the link loss. The link 
loss is lower when operating in air than when operating through the tissue 
because of the impact of the tissue on the antenna. In his PhD thesis [107], Mark 
reported that the effective electrical size of an antenna increase when placed next 
to tissue. If the size of the antenna increases, it generates larger E-field hence 
rising the overall loss due to the greater tissue interaction. On the other hand, the 
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operating frequency of 915 MHz for the RF energy link, which is referred to as 
ISM radio band can damage biological tissues by destroying molecular structure, 
and rising the tissue temperature [154]. The energy absorption effect from RF 
radiation is principally associated with the tissue permittivity losses. When an 
electromagnetic field is exposed to a lossy substance, it absorbs energy. If the 
substance contains more water or other polar molecules per unit volume, the 
greater the loss, and if the substance is drier, the lesser the loss [155]. The 
interaction of the tissue and an E-field can be expressed by: 
)( '''0 HHHH j                                          (2.1) 
where İ0 is the permittivity of the free space, İƍ is the relative permittivity, and 
İƍƍ is the energy transferred from the E-field to the tissue. If the value of İƍƍ 
increases, then loss in the tissue increases [156]. The İƍƍ can be calculated as: 
0
''
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VH  
                                     (2.2) 
where Ȧ is the angular frequency [l/s], and ı is the tissue conductivity [S/m]. If 
E is the rms magnitude of the incident E-field in a point the power absorbed by 
the tissue per unit of volume and time averaged can be presented as: 
2EP V                                        (2.3) 
The biological effect of an antenna and tissue interactions can be characterized 
by the value of SAR, which is discussed under the following subheading.  
2.9.2 Specific Absorption Rate (SAR) 
When a rectenna is placed on a head of a rat with a head-mountable DBS device 
for RF energy harvesting, the interaction of the rectenna and the rat head will 
influence the function of each other. The RF radiation effect is not only governed 
by the incident EM field to the antenna but also the EM field generated by the 
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antenna itself in a rectenna system. The RF EM waves at 915 MHz may damage 
biological tissues of the rat head by destroying the molecular structure, and rising 
the tissue temperature if the radiation level is higher than a certain level [154]. 
Hence, the biological compatibility analysis owing to the EM absorption in rat 
body tissue is a crucial issue. A bio-compatibility analysis can be done by using 
a SAR analysis. The SAR is an index that determines the rate of energy 
absorption in biological tissue. It is calculated by the power absorbed by the 
tissue per unit of volume and time averaged normalized to tissue density 
resulting the power absorbed per unit mass of tissue. The SAR is proportional to 
the ratio of conductivity and density of the exposed tissue. Generally, the SAR 
is expressed in watts per kilogram [W/kg] and averaged over a volume 
equivalent to either 1-g or l0-g of body tissue [156]. 
Based on the SAR value, the transmitted power and available power at the 
rectenna input terminal is regulated. The regulation is imposed by international 
and national guidelines to avoid adverse health effects owing to the exposure of 
electric, magnetic and EM field. The IEEE recognized two main classes of 
standard safety levels with respect to the human/animal exposure to RF 
radiation: one is related with electro-stimulation, which is caused by fields of 
frequencies between 3 kHz and 5 MHz, and the other is associated with the tissue 
heating by frequencies between 100 kHz and 300 GHz [157]. Thus, the adverse 
health effects owing to tissue heating, is taken into account at the intended 
frequency of 915 MHz. The SAR calculates the amount of tissue heating due to 
the exposed electromagnetic radiation. Basically, the SAR is a measure of the 
amount of the power absorbed by the definite amount of biological tissue, 
subsequently converted into heat averaged over the mass of that tissues [107]. 
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Among the two standards, the European guideline set by International 
Commission on Non-Ionizing Radiation Protection (ICNIRP) imposes basic 
restrictions to maintain the SAR limit averaged over 10-g of contiguous tissue 
to less than 2 W/kg [158]. While the IEEE C95.1-1999 standard set by the 
American National Standards Institute (ANSI) confines the SAR averaged over 
any 1-g of tissue in a cube (1-g avg SAR) to less than 1.6 W/kg  [159]. To 
harmonize with the ICNIRP guidelines, the IEEE C95.1-2005 standard limits the 
SAR averaged over any 10-g of tissue in a cube (10-g avg SAR) to less than 2 
W/kg [157]. Whilst the international SAR limit may vary depending on the 
national reporting and testing requirement and the network band, the regulation 
set by the ANSI (IEEE C95.1-1999, 1-g avg SAR<1.6 W/kg) is generally 
followed as this standard is found to be much stricter [90]. 
Although RF energy harvesting to a passive DBS device is a promising 
technique, the spatial distribution of the current density, EM field distribution, 
and temperature rise within the biological tissues surrounding the passive DBS 
device are yet unknown because it is a new concept. However, some researches 
on the analysis of EM field and SAR in the human head models [160-161], and 
rat head models [162-163] for other applications involving the RF radiation have 
been conducted.  For instance, Leveque et al. [162] conducted research on the 
dosimetric analysis of a specific exposure system used to locally expose the 
heads of rats at 900 MHz.  Moreover, Yang et al. [163]  carried out another study 
on mobile phone electromagnetic field exposure on a rat head. They established 
a rat model and calculated the SAR values due to RF energy radiation. Whilst, 
none of these researches are directly related to passive DBS approach, we can 
gain some background knowledge from them.  
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2.9.3 Maximum Available Power 
The maximum allowed transmit power, and consequently the received power at 
the rectenna terminal depends on several issues including the standard limit, the 
link loss, and receiver antenna efficiency. To calculate the maximum allowed 
transmitted power, the regulation imposed by either ICNIRP or ANSI/IEEE is 
taken into account. The maximum transmit power (e.g., EIRP) permitted by the 
FCC in the 902–928 MHz band including the ISM band of 915 MHz is 36 dBm 
[164]. Moreover, the available received power at the rectenna input significantly 
depends on some factors including the receiver antenna size, separation between 
antennas, losses due to polarization mismatch, etc. Among the above-mentioned 
facts, in his thesis [107], Mark  highlighted the size of the receiving antenna. He 
mentioned that the antenna gain is associated with the size, hence rectenna 
receive more power if antenna has higher power gain or larger dimension. This 
concept has also been proven by the link budget equation, which indicates that, 
the received power at the rectenna terminal is greater for the antenna having high 
power gain [165]. In another approach, Mizuno et al. [166]  mentioned that the 
amount of available power at the rectenna terminal depends on the distance 
between the two antennas. If the distance between the two antennas increases, 
then the available power decreases due to more free space path loss. Moreover, 
Poon et al. [167] reported that the available power at the rectenna terminal 
depends on the footprint of the receiver antenna and the transmitter antenna. 
They showed that the link loss decreases with increasing transmitter antenna 
size. However, according to the article published by Mark [107], there exist an 
optimum external antenna size, which reduces the overall link loss, this optimum 
antenna perform better at an optimum frequency.  
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In a recent study, some new issues have been addressed to determine the 
available input power at the rectenna terminal for far field energy transmission 
[168-169]. Among many of the reported articles,  Kim et al. [168] mentioned 
that the power consumption of electronics circuit may cause temperature rise and 
link loss. They noted that a power density of about 500 ȝW/mm2 may cause a 1º 
C increase in temperature in the surrounding tissue. This temperature rise must 
be taken into account, while calculating the received power to obey the health 
related constraint. This approach was also supported by Rabaey et al. [169] 
highlighting that the maximum power consumption of the system is not limited 
by the power transfer, but rather by the heating of the circuit components. Hence, 
the circuit components, which reduce the power consumption from the 
transmitter, even at the high expense, are thus a worthwhile trade-off for 
wearable or implantable medical device. In summary, to maximize the received 
power in the power transfer limited regime, the trade-off among several design 
variables of frequency, transmits antenna geometry, and the distance can be 
done. 
2.9.4 Size and Weight of Rectenna 
The recent trend in energy harvesting aims to develop low cost, small size, light 
weight rectennas, which can capture RF energy from ambient resources or fed 
source, and then rectifies it into DC power with high efficiency. The power 
consumption rate of commercially available discrete circuitry components 
typically are: sensors 120 ȝA, microcontrollers 160 ȝA/MHz, transceivers (RS-
232) 3 mA, transceivers (RS-485) 120 ȝA [119]. This development of low-
power electronics motivated us to design a small-scale RF energy harvester for 
a passive head-mountable DBS device. For a medical application, the implanted 
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or the head-mountable antenna is constrained in size, whereas the transmitting 
antenna can be constructed larger to enhance the coupling between two antennas. 
However, the coupling area of the receive antenna could be maximized by 
exploiting the available footprint [107]. Moreover, the antenna dimension can 
be minimized by using a multilayer stacked structure, the meandering technique, 
and by employing the PIFA configuration [91]. On the other hand, Zbitou et al. 
[131] reported that the dimensions of a Schottky diode-based rectifier circuit can 
be reduced by using monolithic microwave rectifier. Their designed monolithic 
rectifier performed better than a discrete rectifier. The monolithic rectifier had 
RF-DC conversion efficiency of 65% at 25 dBm for 2.45 GHz, whereas the 
rectifier with discrete components had efficiency of 56% at 20 dBm input power 
for same frequency. 
Although the trends in technology consent the reduction in size, weight and 
power consumption of a DBS device, the battery forms a significant percentage 
of the mass and volume of a DBS device. Currently, most of the DBS micro 
devices have been used with a battery. In one of the published articles, our team 
[6] reported that for the head mountable device, two cell button silver oxide 1.55 
V batteries can be employed to power the device. The two batteries were 
arranged together using conductive glue to form a 3.1 V source. The diameter 
and the height of each battery were 11.6 mm and 5.4 mm, respectively. The 
weight of the battery was 2.3 g. The capacity of each battery was 190 mAh, 
which was only adequate for operating the device for about ten days. A wide 
range of battery operated or inductively powered head-mountable DBS devices 
have also been reported in literature. Table 2-4 summarizes the most recent 
published head-mountable DBS devices. It compares the lifetime of each device, 
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the size of the stimulator as well as the source of energy. It is obvious that the 
existing head-mountable configurations offer short term stimulation current 
pulses and not much smaller in size because of quite bulky size battery. 
Therefore, RF energy harvesting could be a solution for these battery related 
limitations in head-mountable DBS devices.  
Table 2-4: The existing miniature head-mountable DBS devices. 
Size Source of power Weight 
Lifetime of 
the device 
Stimulation 
parameters 
(amplitude, pulse 
width, frequency) 
Ref. 
14 mm 
×12 mm 
Magnetic 
coupling 
2.5 g Unlimited 
100-500 μA 
25-250 μs 
50-5000 Hz 
[12] 
8 mm× 
30 mm 
Battery (4.65 V) 2.1 g 10 hours 
20-100 μA 
60 μs 
131 Hz 
[170] 
20 mm 
diameter 
Battery (3 
V/200 mAh) 
Not 
mentioned 
Not 
mentioned 
0.2-0.5 mA 
0.03-1.4 ms 
1-200 Hz 
[7] 
25 mm 
diameter 
Battery (3 
V/280 mAh) 
7.8 g 9 days 
200 μA 
90 μs 
130 Hz 
[171] 
15 mm 
× 28 
mm 
Battery (6 V/36 
mAh) 
7.4 g 7 days 
50-120 μA 
0-80 μs 
0-130 Hz 
[8] 
12 mm 
diameter 
Battery (3.1 
V/190 mAh) 
3.2 g 10 days 
200 μA 
90 μs 
130 Hz 
[6] 
 
2.10 Justification of RF Energy Harvesting Approach 
for a Passive Head-mountable DBS Device 
The far field RF energy harvesting in a passive head-mountable DBS device has 
been selected in this thesis. This thesis consists of a rectenna design and the 
performance evaluation of the designed rectenna with a DBS stimulation device 
on rat model. Energy harvesting in a head-mountable DBS has been selected 
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because of a wide range of DBS researches are being conducted on rats by using 
head-mountable devices. The DBS study on rat is the prerequisite of the human 
clinical trial. Moreover, energy harvesting into a head-mountable device can be 
assumed as the first step toward the development of a passive implantable DBS 
device. For an energy harvesting device, power output is the foremost parameter 
to be considered because it dictates system feasibility; for instance, if the 
harvesting device cannot produce the required power for a specific application, 
then there is no need to continue any further. By reviewing the literature on 
different energy sources and their output power, the fed RF source has been 
chosen for energy harvesting in a head mountable DBS device because it offers 
controllable and predictable output, no moving parts, and transmission of energy 
over distance. All other sources of energy including solar, thermal, vibration, 
and wind are unable to supply adequate energy in non-ideal situation like head-
mountable DBS device, and within small-scale scavenger. Moreover, the power 
harvested from ambient RF sources in literature has low energy density; thus, 
the fed RF source is nominated as a dedicated energy source operating in far 
field region. In case of frequency selection, considering the antenna size and the 
associated losses, the ISM band of 915 MHz is selected, which is the midway 
for the other ISM band of 433 MHz and 2.45 GHz.  In this thesis, the rectenna 
consisting of an antenna and a Schottky diode-based rectifier is chosen. The 
Schottky diode-based rectifier has been focused on because it is inexpensive and 
easy to fabricate, whereas the CMOS-based rectifier involves difficult 
fabrication process. On the other hand, the Schottky diode-based rectifier offers 
higher conversion efficiency. In case of the antenna, whilst in the literature, a 
wide range of antennas have been used for energy harvesting, the PIFA has been 
selected for this RF energy harvesting application because the size of a PIFA is 
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smaller than dipole, monopole or patch antennas. In addition, the PIFA shows 
stable characteristics than other antennas in the non-ideal environment like in 
the vicinity of biological tissues. Moreover, the meandering technique has been 
applied in the antenna design to further reduce its dimension.  
2.11 Summary
The literature review began with a survey of various energy harvesting 
technologies (e.g., solar, thermal, air flow, acoustic, vibrations, and the human 
movement) in the environment. Also, the EM sources, which include ambient 
EM sources and fed sources were focused on for RF energy harvesting. 
Moreover, the history of RF energy harvesting was briefly described and the 
milestones towards energy harvesting in a miniature device were 
highlighted.  The RF energy harvesting technology has been chosen as a basis 
for the research problem because it offers some advantages including 
controllable and predictable harvested power, lack of moving parts, and 
transmission of energy over distance. In addition, a comprehensive review has 
been conducted on the rectenna, the main part of the RF energy harvester, to 
highlight the research and progress in this area. The performance of the rectenna 
including conversion efficiency and output DC voltage achieved in experiments 
to date were reviewed. It was observed that even though the rectifier efficiency 
has increased over the last few years, there is still a need for research to optimize 
Schottky diode-based rectifiers for RF energy harvesting in low-power devices. 
Although numerous researches have been published to determine the feasibility 
of realizing RF energy transfer in small-scale electronic devices and few on 
wearable and implantable medical devices, no research has been directed 
towards far field RF energy harvesting in head-mountable DBS devices for 
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animal studies. Thus, there is still a remaining gap for far field RF energy 
harvesting in passive head-mountable DBS devices. The development of a 
compact high performance rectenna for scavenging far field RF energy for 
powering small medical devices is the main challenge in this research. This will 
require efforts to synthesize and optimize miniature antennas, rectifiers, and 
power management circuitry. 
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C H A P T E R  T H R E E  
3 Antenna Design, Simulation, Fabrication, 
and Evaluation 
3.1 Introduction
In the previous chapter, the operating frequency for RF energy harvesting was 
selected and an investigation on the energy harvesting antennas in the literature 
was presented. The next step is to cover the theoretical concepts relating to 
antenna design, introduce constrains on the dimension of antenna, and design an 
optimum antenna. In this chapter, the basic principle of an antenna is presented 
followed by the design, simulation, and optimization of several antennas. The 
simulation study will provide antenna parameters in free space and in a rat 
model. The fabrication process of the antennas will be discussed in order to form 
the antenna prototypes. Then, the performance parameters of the antennas are 
evaluated through measurements in free space and in practical situations 
including with a rat model to understand the antenna characteristics in different 
circumstances. The simulated and measurement results are compared.  A series 
of analysis is executed to find out an appropriate antenna for far field RF energy 
harvesting in the DBS device.  
3.2 A Background Information on Antennas 
Antenna is defines as a “transitional structure between free space and a guiding 
device, which may take the form of a coaxial line or a hollow pipe (e.g., 
waveguide)”[172]. According to this definition, any conductor can work as an 
antenna when a guided electromagnetic wave is used as an input. But proper 
antenna design is important to radiate and receive electromagnetic wave 
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efficiently and sometime with definite direction. The mechanism of an antenna 
is based on the principle of electromagnetic theory described by Maxwell’s 
equations [172]. Antenna performance is indicated by various parameters. 
Although a wide range of parameters can be calculated from a single antenna, 
only few parameters including resonance frequency, input impedance, 
bandwidth, radiation pattern, and gain are explored in this study. Among these 
parameters radiation pattern, and gain are fundamentally far field terms. 
The load impedance presented by an antenna to the transmission line at the point 
where the transmission line is connected to the antenna is defined as an input 
impedance. The impedance matching between an antenna and its associated 
circuitry is important because it determines the amount of energy reflection 
to/from the transmission line [173]. The impedance mismatch between antenna 
and feeding transmission line leads to loss of power transfer due to reflection 
and creates a standing wave on the line, which eventually results in lower 
efficiency. Moreover, input impedance determines the requirement of voltage at 
the antenna input terminals to attain the wanted current flow and radiated power. 
In this study, the antenna is designed to have input impedance close to 50 ȍ so 
that it matches with the standard coaxial cable.  
Antenna bandwidth is another parameter defining the antenna performance. The 
range of frequencies over, which an antenna operates satisfactorily is called the 
bandwidth of the antenna. Antenna bandwidth is generally calculated by the 
difference between two frequencies at which return loss is 10 dB or lower. 
Bandwidth can also be expressed by percent, which is the actual bandwidth 
divided by the center frequency of the band, times 100. The percent bandwidth 
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is refer to as moderate bandwidth. This parameter determines whether antenna 
is narrow-band or wide-band [173]. 
Radiation pattern is one of the most fundamental properties of an antenna 
because it relates many of the antenna’s performance parameters to one another. 
Radiation pattern or antenna pattern is “a mathematical function or a graphical 
representation of the radiation properties of the antenna as a function of space 
coordinates” [174]. Generally, the radiation pattern is the 2- or 3-dimensional 
spatial distribution of radiated energy in the far field region as a function of the 
directional coordinates. Typically logarithmic scale is used to show the variation 
of the power density for a particular antenna because this scale can highlight 
minor lobe in more detail. 
Antenna gain is one of the most important antenna parameter for power 
harvesting applications. Antenna gain is the ratio of the radiation intensity of that 
antenna in a given direction to the radiation intensity of an isotropic antenna. If 
the direction is not mentioned, the direction of maximum radiation intensity is 
considered in gain definition. In most cases, relative gain is used, which 
compares the power gain of a given antenna to the power gain of a reference 
antenna in particular direction. Typically antenna gain is presented in dBi. 
Antenna gain takes into account the antenna directivity as well as the antenna 
efficiency. The antenna efficiency or radiation efficiency can be defined as the 
ratio of the radiated power to the input power of the antenna [173-174]. 
One important factor that needs to be considered for determining the 
characteristics of a designed receiver antenna is its position with respect to the 
transmitting antenna. The regions of the electromagnetic field around a 
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transmitting antenna can be classified as near field and far field.  In addition, a 
transition zone exists between the near and far field regions. Non-radiative 
behaviors of EM field dominate in near field region, while EM radiation 
behaviors dominate in far-field region of the antenna. Near field behaviors 
decline swiftly with distance from an antenna, while the far field behaviors 
decrease with an inverse-square law. The parameters of the antenna are different 
in near filed zone than in far field zone. The receiving antenna will be exposed 
to a plane wave of uniform amplitude, phase and polarization when it is 
positioned at each other’s far field zone. The far field zone begins at a certain 
distance (R) and beyond [173-174].  
The far field distance (R) for an electrically small antenna can be expressed as:  
       S
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                                                     (3.1) 
For an electrically large antenna, R can be stated as: 
O
22DR  
                                                        (3.2)                        
where Ȝ is the wavelength at operating frequency, and D is the diameter of the 
smallest stationary sphere surrounding the radiating portions of the antenna. To 
ensure far field transmission and reception, the minimum distance between two 
antennas should be equal or greater than the far field distance for transmitting 
antenna because the transmitting antenna has larger circumstance than the 
receiving antenna in this energy harvesting approach.  
3.3 Selection of Antenna Typology 
The review about different energy harvesting antennas for medical applications 
in Chapter 2 offers an understanding of the factors affecting the antenna design. 
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The selection process of antenna type and model is governed by the antenna size 
limitation, constrains associated with surrounding medium, and availability and 
complexity of fabrication process, and SAR regulation.  
In this study, an antenna is intended to be used with a miniature DBS device for 
rat study; thus, the antenna with small dimension is desired. Due to the size 
constrain for the desired application, planar antenna including printed dipole 
antennas, and PIFAs are considered. All antennas consisting of planar or curved 
surface radiators or their variations and at least one feed are termed as planar 
antennas. The printed dipole antenna has only metallic strip on the substrate. 
Usually, the planar antenna exhibits advantages such as simple structure, small 
size, low cost, low profile, and high polarization purity [175]. Whereas, a PIFA 
consists of very thin metallic strip separated by ground plane by a dielectric 
material generally referred to as substrate. A PIFA also has a shorting pin 
connecting the metallic strip with the ground plane to establish a return path for 
the facial current of the antenna and triggers resonance for small electrical 
dimensions [175]. In PIFA, the ground plane utilizes as a virtual half of dipole 
arm in respect to entire antenna. There are four feeding techniques for planar 
antennas including edge feeding, probe feeding, aperture-coupled feeding, and 
proximity feeding. In this study, the probe feeding is employed for both printed 
dipole, and PIFA. In probe feeding technique, a probe typically the inner 
conductor of a coaxial cable pass through the ground plane and is connected to 
the top metallic strip by soldering work. The input impedance of the antenna is 
influenced by the position of the probe. The probe feeding has some advantages 
such as isolation between conductor and ground plane, and high efficiency. 
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However, probe has some demerits including low bandwidth, difficulty to 
analyze, and generation of cross-polarized fields  [176]. 
The size limitation in the antenna design for a DBS device can also be tracked 
by using some miniaturization techniques. For instance, the meandering 
technique can reduce the antenna size. The meandering technique in planar 
antennas increases the length of the current flow path and cuts down the physical 
size of the antenna. However, the meandering technique makes the antenna 
inductive [90]. Moreover, the antenna dimension can be further reduced by using 
a multi-layer stacked antenna. In a multilayer stacked PIFA, the bottom layer 
works as a ground plane and the top layers, which are connected through vias 
work as radiating patch [177]. In this thesis, a dielectric substrate of FR-4 of İr 
= 4.5 and į = 0.02 with thickness of 1.5 mm is used for antenna simulation and 
fabrication because of its availability and low cost. 
3.4 Antenna Design Theory 
In this study, two types of antennas including printed dipole and PIFA are 
designed. The design process of these two types is discussed in this section. The 
design theory for the planar antennas is initiated with design equations governing 
the antenna length and resonance frequency. Moreover, the feeding technique 
and antenna impedance matching approach are given.  
3.4.1 Printed Dipole Antenna 
a. Design Equation of the Printed Dipole Antenna 
The resonance frequency of an antenna is determined by the length of the 
antenna. The length of a half-wave dipole is half of the wavelength, which is 
written as [93]: 
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where L is the total length of the printed dipole antenna, c is the speed of light in 
free space, f is the resonance frequency of the antenna, and Ȝ is the wavelength 
at resonance frequency. However, the speed of the signal in free space is 
different than its speed in other medium. The speed of signal will change in the 
printed dipole antenna because of the effective dielectric constant of the 
microstrip substrate associated with fringing fields. Thus, the resonant 
wavelength of printed dipole antennas is determined considering the equation 
for microstrip dipole antenna as [94]: 
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The effective dielectric constant İeff can be written as [94]: 
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In Equation (3.6), İr is the dielectric constant of the substrate and h is the 
thickness of the substrate for microstrip, w is the width of the microstrip line. 
b. Feeding Technique and Impedance Matching of the 
Printed Dipole Antenna 
In order to simulate the antenna, a 50 ȍ probe is used to feed the radiating patch. 
The impedance of the feeding probe does not match with the antenna input 
impedance as the typical input impedance of a half-wave dipole is around 73 ȍ. 
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To match the feed line impedance with the antenna impedance, a single stub 
matching element is integrated in the designed antenna. The planar strip 
conductor of the stub is constructed with the same material as the antenna 
element. It should be mentioned that the shorting stub is used to adjust the 
inductive reactance, which compensate for the capacitive coupling between two 
arms of the dipole [178]. The length of the stub is changed iteratively to achieve 
a good impedance match. Generally printed dipole antenna requires balanced 
feeding such as parallel dual-line transmission lines. However, the probe feeding 
is not a balanced method of feed. A printed unbalanced-balanced transformer 
i.e., a microstrip balun [179], can be used between the probe and the antenna 
terminal. But due to the space volume limitation, balun has not been used in this 
study. 
3.4.2 PIFA
a. Design Equations of PIFA 
Figure 3-1 shows the configuration of a basic PIFA. A  PIFA consists of a ground 
plane, a radiating planar element, a feed wire, and a shorting pin connecting the 
two planes. The shorting pin establishes a return path for the facial current of the 
antenna and triggers resonance for electrical dimensions smaller than Ȝ/2. The 
shorting pin also helps match the antenna impedance to the feeding/receiving 
circuit impedance. Thus, the PIFA is an attractive antenna for systems where the 
space volume of the antenna is limited as the antenna size is in the order of Ȝ/4 
[89, 91]. There are no typical equations for designing the PIFA. The resonance 
of the PIFA can be stated as: 
L1 + L2 = Ȝ/4                                               (3.7) 
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where Ȝ is the wavelength at resonance frequency, and L1 and L2 are the 
dimension of the radiating element, as indicated in Figure 3-1 [180-182]. If the 
short circuit plate width is W, height is H, and W/L1 = 1, the maximum resonance 
can be written as: 
L1 + H = Ȝ/4                                                           (3.8) 
If W = 0, then  
L1 + L2 + H = Ȝ/4                                                      (3.9) 
The resonance frequency in case of 0<W/L1 <1 can be written as: 
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where r = W/L1, k = L1 /L2,  f1 is the maximum frequency which is expressed by 
Equation (3.8), f2 is the minimum frequency, fr is the resonant frequency, c is the 
speed of light in free space. The minimum frequency f2 can be expressed as: 
       L1 + L2 + H í W = Ȝ/4                                                (3.12) 
For the simplicity of calculation, the minimum frequency f2 is approximated as 
a resonance frequency fr and it can be written as:                                                                         
 )(4 21 WHLL
cf r #                                    (3.13) 
Equation (3.13) does not include the permittivity of the substrate material, which 
significantly influences the resonant frequency of the PIFA [180] . Thus, a more 
comprehensive equation for the resonant frequency of the PIFA is given by 
[183]: 
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where İeff is the effective permittivity of the substrate material between the 
radiating patch and the ground plane. The effective permittivity İeff  is 
approximated as [183-184]: 
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Equation (3.14) can be used to determine the dimension of the PIFA as shown 
in Figure 3-1. To minimize the overall antenna size (e.g., L1 and L2), we used the 
meandered spiral configuration of radiating element instead of a complete plate. 
In our design, the total length of the spiral strip line is assigned as the sum of L1 
and L2. 
 
Figure 3-1: The configuration of a PIFA. 
 
b. Feeding Technique and Impedance Matching of PIFA 
Matching is required between the feed line and the antenna to get maximum 
energy transmission and reception. The feeding location is important to match 
the impedance of the PIFA to the feeding cable. Matching can be achieved by 
properly selecting the location of the feed line as the antenna input impedance 
depends on the location of the feed line in relation to the shorting pin in PIFA. 
The probe feed method is used in our design. The impedance of the feeding cable 
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is 50 ȍ because this impedance is a great compromise between the power 
handling and the low loss for air dielectric coax. To match this impedance with 
the antenna input impedance, the central conductor of the coaxial cable must be 
connected at a certain distance from the shorting pin. The location of the feed 
point can be derived from the following equations [185].The wave number (G1) 
is written as: 
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where k is Boltzmann's constant, W is the width of the metallic patch, and Ȝ0  is 
the free space wavelength at operating frequency. The input impedance is 
inversely proportional to the wave number. Thus, it can be expressed as: 
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The distance of the feeding point from the edge of antenna can be written as: 
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where L is the length of the metallic patch, and Z0 is the impedance of the feed 
cable, 50 ȍ. In this study, Equation (3.18) is used to calculate the position of the 
feed point for optimum impedance matching. 
3.5 Antenna Design, Simulation, Fabrication, and 
Measurement Process 
In this section, antenna design, simulation, fabrication, and measurement 
procedures are described. The steps involved in the antenna design process, and 
the software settings for the simulation are highlighted. Then, the fabrication 
methods of two-layer, three-layer, and four-layer antennas are described. 
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Moreover, a typical antenna measurement setup is given. The simulated and 
measured results for the proposed antennas are presented in Section 5.6. 
3.5.1 Design Process
The review on the existing compact antennas, given in Chapter 2, provides a 
reference on antenna design. The most suitable antenna geometry and structure 
are identified by considering the size limitation. The first step in the design 
process is to select the antenna type. In this work, printed dipole antennas and 
PIFAs are selected. In antenna design equations, dielectric properties of the 
nominated materials, which are available for fabrication are used. The 
dimensions of the radiating metallic patches are calculated from the design 
equations described in Section 3.4.  The dimensions of the antennas are reduced 
by employing a meandering technique on the patches. The next step is to design 
an excitation port. The probe feeding technique is used in the designed antennas. 
The location of the excitation port is determined according to the feeding 
technique and the impedance matching schemes discussed in Section 3.4. To 
produce the final design, antennas are simulated and optimized in EM simulation 
softwares.  
3.5.2 Simulation Processes and Settings 
In this thesis, the commercial software package XFdtd by Remcom and the 
interactive software package HFSS by Ansoft are used for antenna simulation. 
The simulation method requires solving Maxwell’s equations in the antenna 
geometries.  There are three different techniques including FEM, FDTD method, 
and Finite Integration Technique (FIT) for solving Maxwell’s equations. The 
XFdtd employ FDTD as the numerical method and HFSS uses FEM method for 
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numerical simulation. In the FDTD technique, samples (e.g., cubes, cells or Yee 
Lattice) are generated by segmenting the fields propagating in all directions over 
the volume of object and a period of time. In this process, Maxwell's equations 
in differential form are modified to central-difference equations, and then 
discretized. For accurate results, the cell edges must be smaller than 
approximately one-tenth of a wavelength. By using finite-difference equations, 
the value of the component of E-field or H-field at any position on the cube can 
be calculated from its previous value and the previous values at adjacent grid 
positions [186]. On the other hand, in the FEM method, the full problem space 
is divided into thousands of smaller regions and the fields in these sub regions 
are represented by local functions. In HFSS, the geometric model is 
spontaneously divided into a numerous number of tetrahedral, which is mostly a 
four-sided pyramid. This set of tetrahedral is called the finite element mesh. The 
value of the component of E-field or H-field at any location inside tetrahedron 
is interpolated from the vertices of the tetrahedron. By this way, Maxwell’s 
equations are transformed into matrix equations for solving with traditional 
numerical methods. 
The antenna simulation process in both XFdtd and HFSS involve similar steps. 
The first step in the simulation process is to create the geometries of the antenna.  
Then, materials are assigned. The next step is to design an excitation port and 
allocate an input signal to the port, which specify how the electromagnetic wave 
enter the antenna. Another important step in simulating the antenna is to set up 
boundary conditions. Boundary conditions define the field behaviors at the edge 
of geometry and at the interface between objects. The antenna simulation process 
also requires performing optimization through the simulation softwares. In the 
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optimization step, one or more variables including the dimensions are adjusted 
to achieve the desired antenna output. Once the simulation is completed, the 
antenna parameters including return loss, gain pattern, etc, can be displayed in 
various formats. 
In the FDTD simulation setting, model geometries are meshed in minimum base 
cells size of 0.5 × 0.5 × 0.5 mm3 in order to preserve accuracy in metallic patch 
modelling, while delaying simulation time. The solution for the minimum grid 
size of 0.5 mm and target grid size of 0.6 mm is grid independent solution. Free 
space padding of twenty times of base cell, and absorbing boundary in all 
direction of the model are used during the simulation. The maximum cell step 
factor used in this simulation is 2. Cells size (ǻx =10 mm) in free space meets 
the FDTD spatial step regulation (ǻx Ҹ Ȝmin/10, where Ȝmin is the wavelength at 
the highest frequency of interest) for the simulation setup. This regulation limits 
the maximum simulation frequency (fmax) to (fmax = c/10ǻx, where c is the speed 
of light) 3 GHz and time step (ǻt) of (ǻt = ǻx/c 3 ) 19.24 ps in free space. The 
highest simulation frequency used in this study is smaller than this maximum 
frequency limit. In this study, the frequency sweeping range of 700 MHz to 1100 
MHz is assigned. Moreover, a single solution frequency of 915 MHz is set up to 
determine radiation characteristics. In case of source setting, automatic and 
sinusoidal sources are used for the broadband and the single frequency 
simulations, correspondingly. The convergence threshold of í40 dB is settled 
during the calculation. 
In the HFSS simulation setting, the absorbing boundaries are fixed to Ȝ0/4 (Ȝ0 is 
the free space wavelength at desired operating frequency) away in all directions 
to consider free space radiation and to lengthen radiation infinitely far. The 
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software automatically meshes the geometry in an iterative manner. Meshing is 
perturbed in each iteration, and the refinement procedure stops, and 
consequently the simulation converses when either the maximum difference 
between two successive values of 11S  is less than 0.05 or the number of pass 
outstrips 20. A fast 200 points frequency swept is set by the range of frequency 
from 700 MHz to 1100 MHz. 
3.5.3 Fabrication Process 
a. Two-layer Antenna Fabrication     
The antenna fabrication was accomplished by etching copper from plain copper 
cladded PCB by using T-Tech milling machine.  The fabrication of the antennas 
was initiated by drawing the layout in CadSoft EAGLE PCB design software. 
The Eagle files were then converted to Garber files, which is compatible with 
the milling machine interfacing software IsoPro. The double sided PCB was used 
for PIFAs and single sided PCB was used for printed dipole antennas. The PCB 
substrate of FR-4 with İr = 4.5, į = 0.02, thickness of 1.50 mm was used for 
milling the antennas. The PCB board accommodates copper of ½ oz on both side 
of the substrate for double sided board, and on top side of the substrate for single 
sided board to make the total thickness of 1.5 mm. The milling machine was also 
used for drilling all the holes for the feed, ground pin, and shorting pin. For the 
PIFA, the shorting pin was produced from a copper wire with a diameter of 0.8 
mm for connecting ground plane with the metallic patch through substrate. A 
subminiature version-A (SMA) connector with the type of straight jack and end 
launch was soldered at the feed point of the PIFA for the purpose of antenna 
parameter measurement. On the other hand, printed dipole has two holes on the 
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conductor tracks of the two poles at the feeding location. The feed pin and 
ground pin of the SMA connecter was used to connect two tracks. 
b. Three-layer and Four-layer PIFA Fabrication 
The fabrication of the three-layer PIFA involved the isolated milling of each 
copper clad PCB separately. The material of the PCB board was FR-4 and the 
thickness of the board excluding copper was 0.765 mm. The first substrate was 
a double sided PCB board accumulating a ground layer on one side, and layer-2 
on the other side as isolated by milling cladded copper. The second substrate was 
single sided PCB, which was milled to accommodate layer-3 of the three-layer 
antenna. The fabricated boards have the holes where feed, shorting pin, layer 
connector is placed. The location of these holes are important to maintain the 
antenna performance. The drilling of holes by the milling machine ensure the 
accuracy of the design. The extension of the straight jack SMA connector was 
used as a feed pin, which connected layer-2 conductor of the antenna through 
hole, and the body of the SMA connector was soldered to the ground plane of 
the antenna. The shorting pin was created from a copper wire with a diameter of 
0.8 mm, and then used to connect layer-2 conductor with the ground conductor 
via the drilled hole. Layer-3 was then stacked on layer-2. A thin copper wire 
with a diameter of 0.8 mm was inserted into the hole for layer connector and 
soldered to their respective surfaces to make layer-2 and layer-3 conductor tracks 
short. Each pin was cautiously cut to have a length equal to the thickness of the 
substrate because the excessive length may cause radiation and ought to create 
air gap between two substrates. While the substrates were stacked together, they 
are compressed to minimize air gap in between the layers. The epoxy resin was 
then applied at the edge of the substrates to ensure rigidity.  
 101 
The fabrication of the four-layer PIFA involves a process similar to the three-
layer PIFA fabrication process, and uses the same PCB board with FR-4 
substrate and the thickness of 0.765 mm. The first board was double sided PCB 
having ground layer on one side and layer-2 on the other side of the board. The 
second and third boards were the single sided PCBs, which were milled to 
accommodate layer-3 and layer-4 of the four-layer antenna. The holes for feed, 
shorting pin, layer connector-1, and layer connector-2 were drilled during the 
fabrication process. The drilling of holes by the milling machine ensures the 
accuracy of the location to maintain the antenna performance. The middle pin of 
a SMA connector was used as a feed pin, which connected layer-2 conductor of 
the antenna through hole, and the body of the SMA connector was soldered to 
the ground plane of the antenna. The shorting pin produced from a copper wire 
with a diameter of 0.8 mm were utilized to connect layer-2 conductor with the 
ground conductor via the drilled hole. Layer-3 was then stacked on layer-2. A 
thin copper wire (layer connector-1) with a diameter of 0.8 mm was employed 
to connect the layer-2 conductor track with the layer-3 conductor track via the 
specified hole. The layer connector-1 was soldered to their respective metallic 
surfaces to make the layer conductor tracks short. Similarly, board-3 was also 
stacked on board-2 and the layer connector-2 was used to make a contact 
between the layer-3 and the layer-4 conductor tracks. However, each pin had a 
length equal to the thickness of the substrate because their excessive lengths may 
cause radiation and ought to create air gap between two substrates. The 
substrates were compressed, while they were in stack to minimize air gap in 
between layers. The epoxy resin was then applied at the edge of substrates to 
confirm rigidity. 
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3.5.4 Antenna Measurement Process 
A vector network analyzer (VNA), FieldFox N9923A, from Agilent was used to 
measure the antenna input impedance. The experimental setup for the 
measurement of the antenna input impedance is shown in Figure 3-2. The 
antenna under test with SMA female connector (MULTICOMP - 19701TGG) 
was connected to Channel-1 of the VNA through a SMA plug-N plug adapter 
(POMONA-4296). After specifying the frequency and return loss response, the 
rerun loss response diagram was obtained. The return loss response was 
displayed in two formats including Cartesian chart and Smith chart to obtain 
various information from the measurement data. During the input impedance 
measurement setup, the output power of the VNA was 5 dBm and the frequency 
sweep was 700 MHz to 1100 MHz. The free space measurement of the antenna 
input impedance verified the simulation result. The results of the measurements 
and comparisons with simulated parameters have been presented in the 
following section. 
 
Figure 3-2: Configuration for the return loss measurement. 
3.6  Proposed Antennas 
In this section, two types of antennas including printed dipoles and PIFAs are 
presented. Then, the simulated and measured antenna performances in free space 
are shown, followed by the presentation of the antenna performances with a rat 
model.  
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3.6.1 Printed Dipole Antennas 
Two printed dipole antennas including a rectangular printed dipole antenna and 
a circular printed dipole antenna are presented in this subsection. 
a. Rectangular Printed Dipole Antenna 
1. Antenna Configuration 
The configuration of the proposed rectangular printed dipole antenna is shown 
in Figure 3-3 (a). Figure 3-3 (b)-(c) illustrate the top view and bottom view of 
the fabricated antenna. The total volume of the antenna is 21 × 26 × 1.50 mm3. 
The antenna dimension is optimized using HFSS. The length of the conventional 
dipole antenna is approximately half of the resonant wavelength, which is 163 
mm at 915 MHz. Since in this design each arm of the dipole is spiral, the size of 
the antenna is significantly reduced compared to the conventional dipole, L-
shape dipole [187], and G-shape dipole [188] antennas. The radiating planar 
metallic arms are printed on 1.5 mm thick dielectric substrate FR-4 of İr = 4.5, 
and į = 0.02. The copper is used as the conductive material in the antenna. The 
thickness of the radiating planar copper is 0.01778 mm. The dielectric substrate 
is 0.5 mm extended in each side from the conductive element. The width of the 
spiral radiating arm is 2 mm and the isolation between the two planar spiral lines 
is 1 mm. To match the feed line impedance of 50 ȍ with the antenna impedance, 
a single stub matching element is integrated with the designed antenna. The 
planar strip conductor of the stub is constructed with the same material as the 
antenna element. The length of the stub is changed iteratively to achieve a good 
impedance matching. Notably, the current on one pole induces inversely with 
regard to the current on the other pole, so the currents on the two poles are anti-
phase. The currents at 915 MHz are not quite uniformly distributed on the 
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radiating dipole edge along the circumference of the phi direction. Thus, the 
radiation pattern of the designed antenna will not be completely omnidirectional 
and will be similar to the conventional dipole, as indicated in the next section. 
 
(a) 
(b) (c) 
Figure 3-3: (a) Configuration of the proposed rectangular printed dipole antenna. 
(b) Top view of fabricated antenna. (c) Bottom view of fabricated printed dipole. 
 
2. Antenna Performance in Free Space 
The antenna parameters in free space are determined by using HFSS. The 
optimal antenna parameters including return loss and gain pattern are obtained 
by an iterative simulation test. Figure 3-4 shows the simulated and measured 
frequency response of the return loss (S11) of the printed dipole antenna. The 
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simulated resonant frequency of the designed dipole antenna is 915 MHz, which 
is the ISM band. The simulated input impedance of the proposed antenna is 
attained as Zi = 54.25 + j0.918 ȍ at 915 MHz. Whilst the antenna has about zero 
reactance at around 915 MHz, in other frequencies the antenna is inductive. The 
simulated bandwidth of 15 MHz (907 – 922 MHz) at a return loss of í10 dB is 
obtained in this design. The parameter of return loss response and input 
impedance in free space are also measured with a vector network analyzer. The 
measured result shows that the designed dipole resonates at 915 MHz and í10 
dB bandwidth is (889 – 930 MHz) 41 MHz. The measured input impedance of 
the antenna is Zi = 52.25 + j1.718 ȍ at 915 MHz.  Thus, a good agreement 
between the simulated and measured result is achieved. 
 Figure 3-5 shows the simulated far field gain pattern of the proposed antenna at 
׋ = 0o and ׋ = 90o in free space. Obviously, the radiation pattern at ׋ = 0o is close 
to omnidirectional and the radiation pattern at ׋ = 90o is dipole-like, which are 
similar to the conventional dipole antenna characteristics. The maximum gain 
value of í5.2 dBi is recorded at ׋ = 0o and ș = í90o. The radiation efficiency of 
the antenna is 51.31% in free space. Since the proposed antenna is desired to be 
used with a miniature DBS device for laboratory rat studies, the antenna 
parameter may be changed when it is mounted on the rat head. The influence of 
the rat head on the antenna performance is described in the following subsection. 
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Figure 3-4: Simulated and measured return loss response of the rectangular 
printed dipole antenna in free space. 
 
 
Figure 3-5: 2D far field gain pattern of the rectangular printed dipole antenna in 
free space. 
 
3. Antenna Performance with a Rat Head Model 
The evaluation of the characteristics of the dipole antenna in free space is not 
enough to use it as an RF energy receiving antenna in a DBS device. If the 
antenna is used for RF energy harvesting in a head-mountable DBS device, the 
interaction of the rat head with the antenna has to be determined. The interaction 
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will modify the antenna parameters such as resonance frequency, gain, radiation 
pattern, and efficiency [189]. To characterize this interaction, a six- layer rat 
head is modelled in HFSS. The structure of the six-layer rat head model and the 
rectangular printed dipole antenna are shown in Figure 3-6. Although the rat 
head is more complex in structure, here, a six-layer conical model is considered 
to simplify the simulation. This rat head model consists of a cone because the 
shape of the rat head is generally conical. For the six-layer rat head model, a 
cone consisting of entirely materials with dielectric property of the rat head 
tissues is considered [163]. The EM properties of the materials used in the model 
at 915 MHz are shown in Table 3-1.  The model contains six layers of skin, fat, 
bone (e.g., skull), dura, cerebrospinal fluid (CSF), and brain. A cone of upper 
radius of 12 mm and lower radius of 7 mm and height of 25 mm are used for the 
model. The modeled thickness of the skin, fat, skull, dura, and CSF are assumed 
to be 0.5 mm, 1.0 mm, 1.5 mm, 0.5 mm, and 0.5 mm, respectively. 
Table 3-1. Dielectric properties of the rat head model at 915 MHz [190-192]. 
Layer Name 
Relative 
Permittivity 
Conductivity 
(s/m) 
Mass Density 
(kg/m3) 
Skin (dry) 41.2 0.9 1109 
Fat 11.37 0.11 978 
Bone (skull) 4.9 0.15 1180 
Dura 44.39 0.966 1030 
CSF 68.61 2.419 1010 
Brain (Gray 
matter) 
50 1.0 1041 
 
When the antenna was simulated on the rat head model, the antenna parameters 
including return loss response (e.g., input impedance) and radiation pattern were 
changed. The mismatch of the antenna to feed line due to the loading effect of 
nearby dielectric tissue was mitigated by changing the length of the stub. 
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Moreover, the resonance frequency of the antenna with the rat head model was 
shifted by 63 MHz towards lower frequency compared with the free space 
resonance frequency whilst the measured resonance frequency with a rat 
phantom was shifted 54 MHz towards lower frequency. The shift of resonance 
frequency is alleviated by reducing the total length of the spiral metallic element. 
The far field gain pattern of the proposed modified antenna with the rat head 
model is shown in Figure 3-7. The maximum gain of the antenna attained in the 
vicinity of the rat head model is í7.57 dBi at ׋ = 0o and ș = í750, which is lower 
and different in shape than the free space pattern.  The radiation efficiency of the 
proposed antenna on the rat head model is 34.08%, which is lower than that in 
free space, which is 51.31%. 
 
Figure 3-6: Six-layer rat head model with rectangular printed dipole antenna. 
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Figure 3-7: 2D far field gain pattern of the antenna mounted on the rat head 
model. 
b. Circular Printed Dipole Antenna 
1. Antenna Configuration 
Figure 3-8 (a) illustrates the configuration of the proposed circular printed dipole 
antenna. The antenna dimension is optimized using the EM simulation software 
XFdtd by an iterative method. The volume of the design antenna is ʌ × 142 × 1.5 
mm3. The radiating metallic patch is printed on a 1.48222 mm thick dielectric 
substrate FR-4 of İr = 4.5 and į = 0.02. The copper is used as the fundamental 
conducting material for this design. The meandering technique is applied in both 
radiating poles to increase the length of the current flow path and minimize the 
physical size of the antenna [89]. The two poles of the antenna are symmetrical, 
and the direction of current flow is opposite in the two poles. Five meanders are 
used in each pole of the dipole antenna. The width of each meander is 1.0 mm 
and the width of the metal between the two meanders is also 1 mm. The length 
of the conventional dipole antenna is about half of the resonant wavelength, 
which is 163 mm at 915 MHz. Since in this design each arm of the dipole is 
meandered, the size of the antenna is considerably reduced compared to the 
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conventional dipole, L-shape dipole [187], and G-shape dipole [188] antennas. 
To match the feed line impedance with the antenna input impedance, a single 
stub matching technique is employed and integrated with the antenna. It should 
be pointed out that the shorting stub is used to adjust the inductive reactance, 
which compensate for the capacitive coupling between the two arms of the 
dipole [178]. The length and position of the stub is varied iteratively to obtain a 
good impedance match. The complete fabricated antenna structure with suitable 
matching element is shown in Figure 3-8 (b)-(c). Nevertheless, the designed 
antenna is suitable for head-mountable DBS devices due to its small size and 
round structure.  
 
(a) 
  
(b) (c) 
Figure 3-8: (a) Configuration of the proposed circular printed dipole antenna. (b) 
Top view of fabricated dipole antenna. (c) Bottom view of fabricated circular 
dipole. 
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2. Antenna Performance in Free Space 
An iterative simulation test using EM simulation software XFdtd is done to get 
the optimal antenna parameters including return loss and gain pattern.  Figure 
3-9 shows the simulated and measured frequency responses of the return loss 
(S11) of the antenna. Both simulation and measurement results show that the 
antenna resonates at around 915 MHz, which is the ISM band. The simulated 
input impedance of the proposed antenna is Zi = 53.44 + j10.21 ȍ at 915 MHz. 
Thus, the antenna is inductive at this operating frequency. The bandwidth of 29 
MHz (903 – 932 MHz) at a return loss of í10 dB is attained in this design. The 
minimum measured reflection coefficient is í15.12 dBi and the measured input 
impedance of the antenna is Zi = 65.7 + j14.0 ȍ at 915 MHz. The antenna 
bandwidth of 20 MHz (905 – 925 MHz) at a return loss of í10 dB is recorded in 
measurement. Thus, a significant agreement between the simulated and 
measured result is achieved in term of return loss and bandwidth. 
Figure 3-10 shows the simulated far field gain pattern of the designed antenna at 
ࢥ = 0o and ࢥ = 90o. Apparently, the gain pattern at ׋ = 0o is similar to 
omnidirectional and the pattern at ׋ = 90o is dipole-like, which are analogous to 
the conventional dipole antenna characteristics. The maximum gain value of 
í4.45 dBi is recorded at ׋ = 0o and ș = í180o. The radiation efficiency of the 
proposed antenna is 65.05% in free space. The performance of this antenna with 
the conical rat model is discussed in the following subsection.  
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Figure 3-9: Simulated and measured return loss response of the circular printed 
dipole antenna in free space. 
 
 
Figure 3-10: 2D far field gain pattern of the circular printed dipole antenna in 
free space. 
 
3. Antenna Performance with the Rat Head Model 
The antenna performance parameters including input impedance, resonance 
frequency, gain pattern, and efficiency are simulated with the same rat model 
shown in Figure 3-6. The antenna input impedance was altered and the resonance 
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frequency was shifted due to the influence of the nearby rat body tissue. The 
resonance frequency of the dipole antenna with the rat model was shifted 
towards lower frequencies. The resonance frequency shift for the rat model was 
65 MHz compared with the free space resonance frequency, whilst the measured 
resonance frequency shift with a rat phantom was 41 MHz. These change of 
resonance frequency and input impedance were mitigated by reducing the length 
of the meanders, and by changing the length of the stub correspondingly. After 
adjusting the length of meanders and feeding position, the simulated S-parameter 
and input impedance of í22.7 dBi and 56.79 í j4.46 ȍ are noted, respectively. 
The far field gain pattern of the designed antenna with the rat head model is 
represented in Figure 3-11. The maximum value of the antenna gain is í5.94 dBi 
at ׋ = 0o and ș = í180o.  The radiation pattern found with the rat model is similar 
with that in free space. The antenna radiation efficiency with the rat model is 
46.55%, which is lower than the free space radiation efficiency due to the losses 
in the rat model. 
 
Figure 3-11: 2D far field gain pattern of the circular printed dipole antenna 
mounted on the rat head model. 
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3.6.2 PIFAs 
a. Circular PIFA 
1. Antenna Configuration 
The configuration of the proposed circular PIFA is shown in Figure 3-12 (a). 
The antenna is designed with optimized dimension using the iterative EM 
simulation software XFdtd. This antenna is suitable for energy harvesting in 
miniature head-mountable DBS device due to its small size and round structure. 
The antenna has a volume of ʌ × 102 × 1.5 mm3 and the radius of the entire 
antenna is 10 mm. The layered structure of the antenna is presented in Figure 
3-12 (b). The dielectric substrate FR-4 of İr = 4.5 and į = 0.02, and thickness of 
1.5 mm is used in the design. The bottom copper layer works as the ground plane, 
while the meander metallic patch on the dielectric substrate serves as the 
radiating element. The top metallic patch consists of a meandering structure due 
to an increase in the length of the current flow path and cut down the physical 
size of the antenna [89]. The width of the meander metallic patch is 2 mm. A 
shorting pin locating at the end of the meander radiating patch connects the 
radiating metallic patch with the copper ground plane. In order to work this 
antenna either as a receiving or transmitting antenna, it might have a feed 
between the top metal and the ground planes. The input impedance of the 
antenna depends on the separation between the shorting pin and the feed point. 
A coaxial probe feed is placed at 3.5 mm distant from the shorting pin. This 3.5 
mm separation is selected by the iterative simulation method to match the 
antenna input impedance with coaxial feed cable impedance of 50 ȍ. Moreover, 
a similar separation is also achieved from the calculation using Equation (3.18). 
The designed antenna is then fabricated using a milling machine. The 
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photographs of the fabricated antenna are shown in Figure 3-12 (c)-(d). A SMA 
connector is attached at the feeding point of the antenna to measure its 
characteristics. 
 
 
(a) 
 
 
(b) 
 
                         (c) 
 
(d) 
Figure 3-12: (a) Configuration of the proposed circular PIFA. (b) Layered 
structure of the antenna. (c) Top view of the fabricated PIFA. (d) Bottom view 
of the fabricated PIFA 
 
2. Antenna Performance in Free Space 
The designed antenna is then simulated to obtain the antenna parameters. The 
return loss response and the input impedance of the antenna are also measured 
using a VNA. Figure 3-13 shows the simulated and the measured frequency 
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responses of the return loss (S11) of the proposed PIFA. Both simulation and 
measurement results show that the antenna resonates at around 915 MHz, which 
is the ISM band. The minimum measured reflection coefficient of the antenna is 
í16.62 dBi and the measured input impedance is Zi = 40.1 – j9.1 ȍ at 915 MHz. 
It is obvious from the input impedance that the antenna is capacitive at 915 MHz 
frequency band. The antenna bandwidth of 16 MHz (909 – 925 MHz) at a return 
loss of í10 dB is recorded during the measurement. However, the simulated 
bandwidth of 18 MHz (909 – 927 MHz) at a return loss of í10 dB is obtained. 
Thus, a significant agreement between the simulated and measured results is 
achieved in term of return loss and bandwidth. 
Figure 3-14 illustrates the simulated 2D far field gain pattern of the proposed 
antenna at ׋ = 0o and ׋ = 90o in free space. Since the radiating metallic patch is 
a meander structure, the radiation gain pattern is not completely omnidirectional. 
The maximum gain value of í15.14 dBi is attained at ׋ = 90o and ș = 65o. The 
simulated radiation efficiency of the antenna at free space is 17.51%.  
 
Figure 3-13: Simulated and measured return loss response of the circular PIFA 
in free space. 
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Figure 3-14: 2D far field gain pattern of the circular PIFA in free space. 
 
3. Antenna Performance with the Rat Head Model 
In this subsection, the antenna characteristics including input impedance, 
resonance frequency, gain pattern, and radiation efficiency are simulated using 
the rat head model. The antenna input impedance was altered and resonance 
frequency was shifted to the lower frequency when simulated with the rat head 
model. The shifting of the resonance frequency of the antenna with the rat head 
model was 15 MHz toward lower frequencies compared to the free space 
resonance frequency. These shifting of resonance frequency and the change of 
input impedance were alleviated by reducing the length of the meander radiating 
patch, and by changing the position of the shorting pin with respect to the feeding 
cable. After tuning the length of the radiating meander patch and the position of 
the shorting pin, the simulated S-parameter and input impedance of í31 dBi and 
45.03 í j7.64 ȍ are obtained, respectively. The 2D far field gain pattern of the 
designed PIFA working with the rat head model is shown in Figure 3-15. The 
maximum value of the antenna gain is í17.32 dBi at ׋ = 90o and ș = 70o.  The 
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shape of the antenna gain pattern found in free space condition is altered slightly 
with the presence of the rat head model. This change of the gain pattern is mainly 
created because of the rat head acts as a lossy reflector at the simulated 
frequency. The radiation efficiency of the proposed PIFA on the rat head model 
is 14 .3%, which is lower than that in free space, which is 17.51%. 
 
Figure 3-15: 2D far field gain pattern of the circular PIFA mounted on the rat 
head model. 
 
b. Rectangular PIFA 
1. Antenna Configuration 
Figure 3-16 (a) presents the configuration of a rectangular PIFA whose 
dimension is 10 mm × 12.5 mm × 1.5 mm. Figure 3-16 (b) shows the geometry 
of the proposed PIFA. The antenna is designed on the dielectric substrate FR-4 
of İr = 4.5 and į = 0.02. The FR-4 substrate is used because of its low cost, and 
availability. The planar inverted-F structure is chosen due to it resonance at Ȝ/4 
length, whereas the dipole antennas resonate at Ȝ/2. Moreover, the spiral strip 
line physically lengthens the current path in two dimensions and hence reduces 
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the resonance frequency. The thickness of copper of ½ oz on both side of the 
substrate makes a two-layer antenna with the total thickness of 1.5 mm. The 
metallic sheet on the bottom side of the substrate of 10 mm × 12.5 mm dimension 
works as a ground plane. The rectangular metallic spiral strip on top of the 
substrate is the radiating element.  
 
 
(a) 
 
 
(b) 
 
                           (c) 
 
(d) 
Figure 3-16: (a). Configuration of the proposed rectangular PIFA. (b) Geometry 
of the PIFA. (c) Top view of the PIFA. (c) Bottom view of the PIFA. 
 
The overall size of the top radiating metallic strip is 0.8 mm less than the ground 
plane in each side. The width of the spiral strip line is 1 mm and the distance 
between the two metallic turns is 0.8 mm. The optimum width of the metallic 
strip and the spacing between them is achieved by the iterative method. A 
shorting pin, which minimizes the resonance length of the PIFA of 0.4 mm 
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radius is located at 0.2 mm away from the edge of the strip conductor. A 50 ȍ 
coaxial probe with the radius of 0.5 mm, which is located at 3 mm away from 
the shorting pin is used to feed it. Figure 3-16 (c)-(d) illustrates the top and 
bottom views of the fabricated antenna. The designed antenna was fabricated on 
a two-layer PCB board using a milling machine. The SMA connector was 
attached to the antenna for measuring the antenna impedance. The proposed 
design achieves significant miniaturization compared to the previously reported 
PIFA antennas operating in the UHF band [193-194]. 
2. Antenna Performance in Free Space 
The designed antenna is simulated using the EM simulation software XFdtd. The 
parameters return loss response of S11 in free space, and the input impedance are 
also measured with a VNA. The simulated and measured frequency response of 
the return loss (S11) of the proposed rectangular spiral PIFA in free space is 
shown in Figure 3-17. The bandwidth of 17 MHz (912 – 929 MHz) including 
the 915 MHz at a return loss of í10 dB is obtained in the simulation. The 
measurement result reveals that the designed PIFA resonates at the ISM band of 
915 MHz and the bandwidth is (912 – 927 MHz) 15 MHz. The simulated input 
impedance of the designed antenna is obtained as Zi = 45 í j11.80 ȍ at 915 MHz, 
whereas the measured input impedance is 49.52 í j18.2 ȍ at 915 MHz. It is clear 
from the input impedance that the antenna is capacitive at 915 MHz, though it is 
inductive in lower frequency bands. Moreover, a significant agreement between 
the simulated and the measured results was achieved. 
Figure 3-18 demonstrates the 2D far field gain pattern of the proposed antenna 
in free space. A maximum gain value of í18.08 dBi is recorded at ĳ = 00, ș = 
í800. It is obvious from the gain pattern that the antenna behaves like a top 
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loaded monopole. The simulated radiation efficiency of the proposed spiral 
PIFA is found to be 20.89% at 915 MHz 
 
Figure 3-17: Simulated and measured return loss response of the rectangular 
PIFA in free space. 
 
 
Figure 3-18: 2D far field gain pattern for the proposed antenna in free space. 
 
3. Antenna Performance with the Rat Head Model 
The antenna is subsequently simulated, while positioned on the rat head model. 
When the antenna was simulated on the rat head model, the antenna parameters 
including resonance frequency, input impedance, and radiation pattern were 
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changed. The change in the input impedance due to the mismatch of the antenna 
to feed line for the loading effect of the nearby dielectric tissue was mitigated by 
changing the position of the feeding probe. The resonance frequency of the 
antenna with the rat head model was shifted by 23 MHz toward lower 
frequencies compared with the free space resonance frequency. The 23 MHz 
shift of the resonance frequency was alleviated by reducing the total length of 
the spiral metallic element. Figure 3-19 represents the far field gain pattern of 
the designed antenna with the rat head model. The maximum gain of the antenna 
attained in the vicinity of the rat head model is í19.11 dBi, which is 1.03 dBi 
lower than the maximum gain in free space. The radiation efficiency of the 
proposed spiral PIFA with rat model is found to be 16.27% at 915 MHz, which 
is lower than the radiation efficiency in free space. 
 
Figure 3-19: 2D far filed gain pattern of the antenna mounted on the rat head 
model. 
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c. Three-Layer Stacked PIFA 
1. Antenna Configuration 
To further downsize the antenna, a three-layer stacked PIFA is designed.  Figure 
3-20 (a) shows the configuration of the proposed three-layer stacked PIFA 
whose volume is ʌ × 5.02 × 1.584 mm3. The layer structure of the antenna is 
presented in Figure 3-20 (b) and the fabricated antenna is shown in Figure 3-20 
(c)-(e). Among the three layers, the bottom layer works as the ground plane and 
the other two vertically stacked circular layers serve as radiating patches. The 
radius of the ground layer, layer-2, and layer-3 are 5.0 mm. Each of the radiating 
patches are printed on a 0.765 mm thick dielectric substrate FR-4 of İr = 4.5 and 
į = 0.02.  A 50 ȍ coaxial probe with radius of 0.5 mm is used to feed the radiating 
layer-2. A shorting pin, which minimizes the resonance length [195] of the PIFA 
of 0.4 mm radius, connects the ground plane to layer-2. A layer connector of 0.4 
mm radius is used to connect the radiator layer-2 to the radiator layer-3. Five 
meanders are used in each radiator layer. The width of each meander is 0.6 mm 
and the width of the metal between the two meanders is 0.8 mm. Layer-3 is an 
1800 shifted version of layer-2. The origin of the coordinate system is assumed 
to be at the center of the PIFAs’ ground layer. The microstrip design approach 
is used due to the flexibility in design, conformability and shape, while the stack 
and the meandering techniques are applied to increase the length of current flow 
path and cut down the physical size of the antenna [89]. The round structure of 
the proposed antenna makes it easier for use in a DBS device. The proposed 
design achieves significant miniaturization compared to the previously reported 
PIFA antennas operating in the ISM band, while emphasis is given to the cost 
and availability of the materials [193-194]. 
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(a) 
 
 
                (b) 
 
(c)  
(d) (e) 
Figure 3-20: (a) Configuration of the proposed stacked PIFA antenna. (b) 
Layered structure of the antenna. (c) Top view of the PIFA. (d) Bottom view of 
the PIFA, (e) Complete three-layer antenna. 
 
2. Antenna Performance in Free Space 
Figure 3-21 shows the simulated and measured frequency response of the return 
loss (S11) of the proposed PIFA. The resonance frequency of the designed PIFA 
is 915 MHz, which is within the ISM frequency band. The simulated input 
impedance of the proposed antenna is attained as Zi = 57.37 í j1.28 ȍ at 915 
MHz. It can be observed that the antenna is capacitive at the operating frequency 
band. The minimum measured reflection coefficient at 915 MHz is í14.92 dBi 
and the measured input impedance also reveals the capacitive nature of the 
antenna. The simulated bandwidth of 18 MHz (907 – 925 MHz) and the 
measured bandwidth of 18 MHz (910 – 928 MHz) at a return loss of í10 dB are 
 125 
obtained.  Thus, a good agreement between the simulated and the measured 
results have been achieved. The 2D far field gain pattern of the proposed antenna 
in free space is shown in Figure 3-22. The maximum gain value of í30.32 dBi 
is recorded. The simulated radiation efficiency of the proposed PIFA is found to 
be 0.64% at 915 MHz.  
 
Figure 3-21: Simulated and measured return loss response of the three-layer 
PIFA in free space. 
 
 
Figure 3-22: 2D far field gain pattern of the proposed three-layer PIFA in free 
space. 
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3. Antenna Performance with the Rat Head Model 
The antenna is simulated with the six-layer rat head model to get the functional 
effect of the head model on the antenna. The antenna parameters including input 
impedance and resonance frequency are not different with the rat model than 
those in free space, which are also verified with measurements. The 2D far field 
gain pattern of the designed antenna with the rat head model is shown in Figure 
3-23. The maximum gain of the antenna attained in the vicinity of the rat head 
model is í24.67 dBi, which is higher than the maximum gain in free space. The 
radiation efficiency of the proposed spiral PIFA with rat model is found to be 
0.84% at 915 MHz, which is higher than the radiation efficiency in free space.  
 
Figure 3-23: 2D far field gain pattern of the proposed three-layer PIFA with rat 
head model. 
 
d. Four-Layer Stacked PIFA 
1. Antenna Configuration 
The configuration of the proposed four-layer stacked PIFA whose volume is ʌ × 
4.402 × 2.367 mm3 is shown in Figure 3-24 (a). Figure 3-24 (b) displays a side 
view of the antenna, and Figure 3-24 (c)-(e) shows the fabricated antenna. 
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Among the four circular layers, the bottom layer works as the ground plane and 
the other three vertically stacked layers serve as radiating patches. The radius of 
each layer is 4.4 mm. Each of the radiating patches are printed on a 0.765 mm 
thick dielectric substrate FR-4 of İr = 4.5 and į = 0.02. The meandering 
technique is applied in the upper three layers to increase the length of the current 
flow path and cut down the physical size of the antenna [89]. Five meanders are 
used in each layer. The width of each meander is 0.6 mm and the width of the 
metal between the two meanders is 0.8 mm.  Layer-2 and layer-4 are at the same 
orientation but layer-3 is 1800 shifted version of the other two layers. A 50 ȍ 
coaxial probe with radius of 0.5 mm is used to feed layer-2. A shorting pin of 
0.4 mm radius, which minimizes the resonance length of the PIFA, connects the 
ground plane to layer-2 [195]. The layer connector-1 and connector-2 of 0.4 mm 
radius are used to connect layer-3 and layer-4 to layer-2. The proposed antenna 
achieves significant miniaturization compared to the previously reported 
implantable PIFA antennas operating in the ISM band [193-194]. 
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(a) 
 
 
(b) 
(c) 
 
(d) (e) 
Figure 3-24: (a) Configuration of the proposed four-layer PIFA antenna. (b) Side 
view of the PIFA. . (c) Top view of the PIFA. (d) Bottom view of the PIFA, (e) 
Complete four-layer antenna. 
 
2. Antenna Performance in Free Space 
The optimal antenna parameters (e.g., return loss, gain, and radiation efficiency) 
in free space are simulated by using the FEM-based simulation software, HFSS. 
The simulated and measured frequency responses of the return loss (S11) of the 
proposed PIFA in free space are shown in Figure 3-25. The designed PIFA 
resonates at 915 MHz, which is the ISM band. The simulated input impedance 
of the designed antenna is Zi = 44.92 í j2.55 ȍ at 915 MHz, whereas the 
measured input impedance is Zi = 38.24 í j1.03 ȍ. The simulated and measured 
bandwidths of 18 MHz (904 – 922 MHz), and 18 MHz (911 – 929 MHz) at a 
return loss of í10 dB are obtained. Although the measured resonance frequency 
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is shifted to a higher frequency, the desired frequency is within the bandwidth 
of the antenna. Figure 3-26 illustrates the 2D far field gain pattern of the 
proposed antenna in free space. It is clear from the figure that the maximum gain 
value is almost the same for the phi angle of 00 to 900.  This radiation 
characteristic is achieved due to very small antenna structure. The simulated 
radiation efficiency of the spiral PIFA is found to be 0.60% at 915 MHz. 
 
Figure 3-25: Simulated and measured return loss response of the four-layer PIFA 
in free space. 
 
 
Figure 3-26: 2D far field gain pattern of the four-layer PIFA in free space. 
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3. Antenna Performance with the Rat Head Model 
The antenna parameters including input impedance, resonance frequency, gain, 
and radiation efficiency of this four-layer stacked PIFA is determined with the 
six-layer rat head model. The simulated and the experiment results show that the 
input impedance and the resonance frequency of the antenna with the rat head 
model are almost the same as those in free space. Figure 3-27 shows the 2D far 
field gain pattern of the antenna with the rat head model. The radiation pattern 
has not been influenced by the dielectric properties of the rat model because of 
the stable radiation characteristic. The maximum gain of the antenna attained in 
the vicinity of the rat head model is í22.52 dBi, which is higher than the 
maximum gain in free space. The radiation efficiency of the spiral PIFA with the 
rat head model is found to be 0.97% at 915 MHz, which is higher than the 
radiation efficiency in free space.  
 
Figure 3-27: 2D far field gain pattern of the proposed four-layer PIFA with the 
rat head model. 
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3.7 Comparison and Discussions 
Table 3-2 presents the performance parameters for the designed antennas. The 
maximum attainable gain in free space depends on the dimension of the antenna 
and the structure of the metallic patches. The resonance frequency of the 
antennas shifts to lower frequency when they are operated in the vicinity of a 
dielectric substrate such a rat head model. However, the shift in resonance 
frequency is larger for printed dipole antennas than PIFAs. The maximum shift 
in resonance frequency of 65 MHz occurs for the circular printed dipole antenna, 
while the minimum shift of 0 MHz is achieved for the three and the four-layer 
stacked antennas because they offer stable radiation characteristic. In addition, 
the values of the input impedance and the resonance frequency for the PIFAs 
were stable with the variation of the position of the antenna on the rat head 
model. However, the printed dipole antenna showed unstable input impedance 
and resonance frequency with respect to its location on the rat head model. The 
antennas lost their maximum gain, while they were operated with the rat head 
model. The rectangular printed dipole antenna lost the maximum gain of 2.37 
dBi which is highest among the first four developed antennas. However, the 
maximum gain with the rat head model for the miniature three and four-layer 
stacked antennas were higher than the free space gain. This occurs due to the 
small antenna structure and the change in orientation of the antenna. Among the 
six designed antennas, the circular dipole antenna attained maximum radiation 
efficiency of 65.05%, while the four-layer stacked PIFA achieved minimum 
radiation efficiency of 0.60% in free space. From the analysis of the 
characteristics of the individual designed antennas in free space and with the rat 
head model, the circular PIFA is the best option for our application. Although 
the rectangular PIFA works fine, the separation of the antenna from the RF 
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energy transmitter is lower due to the smaller size and the lower antenna gain. 
The stacked three and four-layer antennas are not suitable for the used 
transmitter and the operating frequency, because these antennas have a low gain. 
In order to assess the performance of the designed circular PIFA, a comparison 
of the antenna parameters with those of the previously reported antennas is given 
in Table 3-3.   
 In this study, a simple conical six-layer rat head model was considered to find 
out the functional effect on the antennas. A simple rat head model was used 
because it is difficult to model a more realistic rat because each part of rat body 
has different frequency dependent electrical characteristics. In addition, a 
homogeneous rat head model was applied in the experiments for determining the 
input impedance and the resonance frequency. Since the antenna is placed right 
on the top of the rat head for energy harvesting in a head-mountable DBS device, 
the tissues in rat head and body will absorb energy from the EM radiation. Thus, 
the power transmission should be regulated so that the SAR value does not 
exceed the limitations imposed by the regulatory authority. The numerical study 
of SAR in the simple six-layer head model and in a complex rat model is 
presented in Chapter 6. 
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Table 3-3. Comparison with the state of art antennas.  
Antenna Dimension  
Resonance 
frequency 
Bandwidth 
Maximum 
gain in 
free space 
Radiation 
efficiency 
Reference 
Circular 
PIFA 
ʌ × 102 × 1.5 
mm3 
915 MHz 16 MHz 
í15.14 
dBi 
17.51% 
Proposed 
antenna 
PIFA 
ʌ × 122 × 1.8 
mm3 
915 MHz 40 MHz 
í33.41 
dBi 
- [90] 
PIFA 
100 mm × 
50 mm × 7 
mm 
991 MHz - í5 dBi - [91] 
PIFA 
40 mm × 39 
mm × 8 mm 
915 MHz 10 MHz 1.2 dBi - [196] 
PIFA 
90 mm × 90 
mm 
911 MHz 12 MHz 0 dBi - [197] 
PIFA 
36 mm × 16 
mm × 6 mm 
922 MHz 100 MHz 1 dBi - [198] 
Wide-slot 
antenna 
75 mm × 60 
mm × 0.8 
mm 
925 MHz 81.2 MHz 1 dBi - [88] 
T-shaped 
monopole 
101.8 mm × 
46.5 mm × 
1.6  mm 
866.6 
MHz 
- 2 dBi - [95] 
Loop 
antenna 
60 mm × 80 
mm × 0.8 
mm 
925 MHz 52 MHz 4.22 dBi 97% [96] 
Patch 
antenna 
65 mm × 20 
mm × 1.5 
mm 
925 MHz 58 MHz í6.4 dBi - [199] 
 
3.8 Summary
This chapter presented the design of several planar antennas for RF energy 
harvesting in a miniature DBS device. A set of comprehensive simulation and 
experimental analysis was carried out to investigate the effect of the design 
parameters on the performance of the antennas. From the individual 
characteristics of each designed antenna in free space and with a rat head model, 
it was demonstrated that the antenna parameters are significantly affected by the 
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materials of the rat head model. However, PIFA shows stable characteristics 
under different conditions compared to the printed dipole antennas. In Chapter 
4, another important part of the proposed rectenna will be presented.   
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C H A P T E R  F O U R  
4 Rectifier Design, Simulation, Fabrication, 
and Evaluation 
4.1 Introduction
Rectifier is another key part of the proposed rectenna for use in a passive DBS 
device. It converts the received RF waves through the antenna to DC power to 
operate the DBS device. Although the rectifier operating at 915 MHz can be 
constructed with CMOS transistors, Schottky diode-based rectifiers are 
considered because of their passive operation, high conversion efficiency, 
availability, low cost, and ease of fabrication. The performance parameters 
including conversion efficiency and DC output voltage, of a Schottky diode-
based rectifier depend on various factors including input power level, 
characteristics of diode, rectifier configuration, and load resistance [49]. 
Moreover, the rectifier needs to operate within very low input power, have small 
size, work with a definite load resistor, and produce the specified DC voltage. 
To satisfy these requirements, selection of the best rectifier topology and its 
parameter optimization are essential, which can be done by designing, 
simulating, fabricating, evaluating, and analysing various rectifiers and their 
parameters. In this chapter, six different Schottky diode-based rectifiers 
including bridge rectifier, Delon doubler, Greinacher voltage tripler, Delon 
voltage quadrupler, 2-stage charge pumped, and Cockcroft-Walton 4-voltage 
multiplier architectures have been designed, simulated, fabricated, evaluated, 
and compared to identify the optimum rectifier for the specified application.   
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4.2 Basic Rectifier Configuration 
Figure 4-1 represents a typical rectifier circuit, which consists of four parts. The 
first part of the rectifier is an L-matching circuit. To match the input impedance 
of the rectifier to that of the antenna, an L-matching circuit is required. The 
matching network also works as a low pass filter. The filter allows the 915 MHz 
operating frequency to pass, and rejects the interference signals and re-radiation 
of higher order harmonics created by the diode. It also aids to offer a constant 
load impedance to the antenna. The matching circuit carries a significant role 
because of a slight change in the matching circuit parameters alters the frequency 
range for which the conversion efficiency is maximum. Moreover, the L-
matching circuit works together with the diode as a charge pump circuit. The 
capacitor of the L-matching circuit is considered for shunt impedance matching, 
whereas the inductor in the L-matching circuit is used for series impedance 
matching. The inductor is connected in a series arrangement instead of parallel 
one because it prevents power loss. The inductor in a shunt arrangement can give 
a decent return loss response but will yield less efficiency due to the loss of 
power from the short circuit created through the inductor to ground. The second 
key part, which converts the RF signal to DC power, is the rectifier itself 
consisting of either single diode or multiple diodes. The number of stages (e.g., 
diodes) in rectifier configurations depends on the output voltage requirement and 
available input power. For rectification at 915 MHz frequency, the Schottky 
diodes are used as the rectifying device because of their high switching capacity 
and very low forward voltage drop. A commercially available Avago HSMS-
285C has been used in our designed rectifier. A post-rectification filter is the 
third part of the rectifier, which is employed to extract the DC component, and 
to eliminate unwanted voltage transient or ripple after the rectification. This DC 
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filter also tunes out the reactance of the rectified diode. The post-rectification 
filter is mostly a decoupling capacitor. The value of this capacitor determines 
the amount of ripple in the rectifier DC power and has an impact on the rectifier 
conversion efficiency. The final component of the rectifier is the load. The load 
can be a super-capacitor, a battery, or an electronic circuit, which need to be 
driven by the generated DC power [48]. The energy storage super-capacitor or 
battery ensures smooth power delivery to the energy operated system, and 
reserves energy for when the external energy source is unavailable. 
 
Figure 4-1: Components of an RF rectifier.  
 
4.3 Rectifier Circuit Design  
4.3.1 Motivations for Designing Schottky Diode-Based 
Rectifiers 
The rectifiers can be classified into two groups: active and passive. The active 
rectifiers require an external bias, while the passive rectifiers do not need such a 
bias. Whilst the Schottky diodes-based rectifiers are passive, the CMOS-based 
rectifiers can be either active or passive. Although the efficiency of an active 
CMOS-based rectifier is high [98, 112], it is not suitable for energy harvesting 
in a passive DBS device because of its requirement for an external bias. 
Moreover, a passive CMOS-based rectifier has low conversion efficiency at low 
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power levels [116, 200]. Shameli et al. [117] presented a passive CMOS-based 
rectifier with low efficiency at о14.1 dBm. In another study, Jabbar et al. [119] 
studied a modified passive CMOS-based rectifier for RF energy harvesting in 
remote devices. Although the rectifier attained up to 160% more output power 
over conventional rectifiers at 0 dBm input power, its efficiency was still low. 
In contrast, the RF-DC rectifiers constructed by using low forward voltage drop 
Schottky diodes have high conversion efficiency compared to the passive 
CMOS-based rectifiers. For instance, Zbitou et al. [131] presented a Schottky 
diode-based rectifier having an efficiency of 56% at 20 dBm input power. High 
conversion efficiency for Schottky diode-based rectifiers was also reported in 
[16-17, 47, 49, 95]. Moreover, the fabrication process of a CMOS-based rectifier 
is complex and expensive, whereas the Schottky diode-based rectifier can be 
built at low cost by using commercially available Schottky diodes. By 
considering the pros and cons of CMOS and Schottky diode-based rectifiers, 
Schottky diode-based rectifiers have been chosen for energy harvesting in a 
passive DBS device.  
4.3.2 Small Signal Analysis of a Diode-Based Voltage Multiplier 
The voltage multiplier is a useful device for DBS applications where a high-
voltage transformer winding for voltage boosting is inconvenient due to the 
space limitation. The capacitor-diodes pairs are the building block of a voltage 
multiplier. Fundamentally, a voltage multiplier is a cascade of basic rectifier 
circuits. The performance of a voltage multiplier can be evaluated from the 
analysis of the fundamental rectifier circuit. A diode-based rectifier circuit is 
presented in Figure 4-2(a). Assuming the ideality factor of 1, the current I 
through the diode can be expressed as [49, 201]: 
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where Is  is the reverse bias saturation current,  q is the charge of electron, T is 
the temperature (0 K),  K is Boltzmann’s constant, and VD is the voltage across 
the diode, which can be written by applying Kirchhoff's voltage law around the 
loop in Figure 4-2(a) as:  
                                                          VD = VsíVc                                        (4.2) 
where Vs is the sinusoidal source voltage, and Vc is the voltage across the 
capacitor. The average current through the diode can be expressed by integrating 
the diode current in Equation (4.1) over an RF cycle as: 
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Equation (4.2) is substituted in Equation (4.3) and the average diode current is 
set to zero assuming that the load capacitor is large enough to prohibit any major 
change of current in the load capacitor and the diode. The DC output voltage Vc 
can be stated as: 
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where 0-  is the modified Bessel function of the first kind. If the input signal, Vs, 
to the detector diode is very small, the Bessel function can be written as: 
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Equation (4.4) can be written by considering first two terms of (4.5) as: 
                       KT
qVV sc 4
2
#
                                      (4.6) 
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It is clear from (4.6) that the rectifier is operating in its square law region. The 
output voltage of the rectifier is proportional to the square of the input sinusoidal 
voltage for small input signal. 
For a large input signal, Vc varies almost directly as Vs and the rectifier works on 
its peak detecting region. In the peak detecting region, Vc can be expressed as: 
»¼
º«¬
ª
¹¸
·
©¨
§ 
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S2ln
2                           (4.7) 
Now, we can derive the equations of the output voltage for a voltage doubler 
rectifier from the above basic rectifier analysis. A voltage doubler circuit, which 
is a cascade of the basic rectifier circuits, is illustrated in Figure 4-2(b). Similar 
to the basic half-wave rectifier, the variation of current in the capacitor is 
approximately zero due to the high value of capacitance in the voltage doubler 
rectifier circuit. As a result, the average values of the currents through the 
capacitors C1 and C2 are zero, and the DC currents flowing through D1 and D2 
are both equal to I. The diode D1, the capacitor C1, and the source signal 
constitute a loop similar to the half-wave rectifier as shown in Figure 4-2(a) 
[202].  In this loop, the average current through the diode D1 is equal to I. The 
DC voltage Vc1 across the capacitor C1, which is represented by (4.4), is rewritten 
as:                                                                        
»¼
º«¬
ª
¹¸
·
©¨
§ 
KT
qV
q
KTV sc 01 ln -
                             (4.8) 
 The voltage at the input of the diode D2, V1, is the sum of the input signal voltage 
plus Vc1.  Therefore, the DC output voltage of the doubler rectifier with identical 
diodes is approximately twice half-wave rectifier output voltage Vc1. Thus, the 
overall DC output voltage of the voltage doubler rectifier is given by: 
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If the number of identical diodes in the rectifier is N, then the DC output voltage 
for a small input signal is given by (4.10), and for a large input signal is 
expressed by (4.11). Moreover, Equations (4.10) and (4.11) can be used to 
optimize the efficiency of the RF-DC voltage multiplier rectifier, which 
influences the amount of harvested energy in passive DBS devices. 
KT
VqNV scN 4
2
#
                                      (4.10) 
¸¸¹
·
¨¨©
§
»¼
º«¬
ª
¹¸
·
©¨
§ 
KT
qV
q
KTVNV ssN
S2ln
20                          (4.11) 
  
(a) (b) 
 
Figure 4-2: (a) A simple rectifier circuit. (b) Voltage doubler circuit. 
 
4.3.3 Impedance Matching 
According to the maximum power transfer theorem, a system having both 
resistive and reactive impedances for source and load, will transfer maximum 
power to the load when the source and the load impedance are the complex 
conjugate of each other. These can be achieved by the impedance matching. In 
a rectenna circuit, input impedance of the antenna is the source impedance, and 
load is the impedance of the Schottky diodes rectifier. The performance of the 
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RF to DC converter is governed by the matching network, the source or load 
quality factors, and their impedances. The type of matching network is subject 
to the nature of source or load impedance, the functionality of the converter, and 
some other factors including circuit size, and cost. An L-matching circuit has 
been used to match the source impedance with the load impedance, where the 
requirements include small size and low cost. An L-matching circuit transforms 
an antenna series impedance to its equivalent load (e.g., rectifier) parallel 
impedance or vice-versa and contributes to having conjugate matching. It 
conducts matching by accumulating or deducting any excess reactance from the 
source or load with the opposed impedance [203-205]. To calculate the value of 
inductor and capacitor in the L-matching circuit, the series impedance of the 
rectifier diode is converted to the equivalent parallel impedance using equations 
(4.12-4.14). 
sD
sD
R
XQ  
                                               (4.12) 
where XsD  is the series reactance, and RsD  is the series resistance of  the rectifier.  
If the quality factor of the rectifier series impedance is  Q 10, the transformation 
[206] to parallel equivalent impedance is carried out with: 
sDpD RQR )1(
2         and                Q
R
X pDpD  
            (4.13) 
where XpD  is the equivalent parallel reactance, and RsD  is the equivalent parallel 
resistance of  the diode. If the quality factor of the rectifier series impedance, Q 
>10, the transformation [206] to parallel equivalent impedance is carried out 
with: 
sDpD RQR
2|        and                sDpD XX |          (4.14)                        
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Now, the inductor and capacitor in L-matching circuit can be calculated using 
Figure 4-3 and Equations (4.15)-(4.17). During the calculation of L and C of the 
matching circuit equivalent reactance of the rectifier (XpD) is not considered, and 
only RpD is taken into account. Moreover, for optimum power matching, the 
series and parallel Qs may be equal. 
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Figure 4-3: L-matching circuit. 
 
Series inductance (L) can be determined as: 
f
XL sS2 ,                  where   )( sgs RRQX              (4.16) 
Shunt capacitance (C) can be determined as: 
cXf
C S2
1 
,           where  Q
R
X pDc  
                         (4.17)                       
where Rg is the internal resistance of the source, Rs  is the internal resistance of 
the inductor, Xs  is the series reactance of the L-matching section, Xc  is the 
parallel reactance of the L-matching section, Q is the circuit quality factor. Since 
the shunt equivalent reactance of the rectifier (XpD) was not taken into account 
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during L, and C calculation, the value of that shunt capacitor will be subtracted 
from calculated C as (4.17) to get net capacitor for L-matching network. 
4.3.4 Diode Selection 
The millimetre wave Schottky diodes are generally chosen in RF rectifier design 
because of their low turn on voltage and shorter transit time compared to a p-n 
diode. The low turn-on voltage is required for the zero bias operation [125]. The 
performance of the Schottky diode-based rectifier significantly depends on the 
characteristics of the diode including breakdown voltage, saturation current, 
internal resistance, capacitance, and voltage sensitivity of the diode. The 
equivalent circuit of a Schottky diode has three elements including junction 
capacitance, junction resistance and series resistance. Among the three elements, 
the junction capacitance and the series resistance determine the rectifier 
efficiency, whereas the junction resistance governs the turn-on voltage of the 
diode. The conduction loss increases with the increase of the series resistance, 
hence conversion efficiency decreases [126]. However, the series resistance has 
less importance for very low RF input power but has high impact for higher 
values of input power. Therefore, at very low input RF power, the diodes having 
low threshold voltage are suitable because the power saved by the low threshold 
voltage is more significant compared with the loss by the diode series resistance. 
In contrast, at higher input powers, the series resistance has more impact than 
the threshold voltage. Furthermore, a low value of the junction capacitance is 
always wanted for all levels of input powers; particularly, diodes with the greater 
junction capacitance are not desirable for very low input RF powers [80]. The 
efficiency of a rectifier is also subjective to the breakdown voltage of the diode. 
The efficiency is reduced if the output DC voltage is exceeded the breakdown 
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voltage of the diode [17]. By considering the stated parameter effects, for 
commercially available diodes, and through rigorous investigation in the 
literature, a suitable diode was selected for our application.  
According to the simulation results conducted by using Agilent Genesys 
software, the Schottky diode 1ps76sb40 performed better than the diode HSMS-
286 at a high-level of input power, whereas the Schottky diode HSMS-286 
significantly outperformed at a low-level of input power (<5 dBm) for the 
frequency of 915 MHz. Moreover, Merabet et al. [80] showed that  the efficiency 
of the rectifier circuit constructed by using HSMS-285 was higher than that made 
by using HSMS-286 for the input power levels of up to 5 dBm. The proposed 
passive DBS device receives power lower than 5 dBm from the harvesting 
antenna, which is presented in chapter 5. Accordingly, the HSMS-285 Schottky 
diode is one of the best options for implementing a rectifier for the proposed 
passive DBS. To make the rectifier compact in size, the diode HSMS-285C in 
SOT-323 package has been used for constructing the designed rectifiers. The 
HSMS-285C is a dual series diodes configuration. According to the 
manufacturer datasheet, the diode has parasitic series resistance of 25 ȍ, low 
Schottky junction capacitance of approximately 0.18 pF, breakdown voltage of 
3.8V, minimum forward voltage of 150mV, maximum reverse leakage current 
of 150 μA, saturation current of 3 μA, and high detection sensitivity of up to 50 
mV/ȝW. 
4.3.5 Selection of Rectifier Configuration 
The rectifier for the power harvester working with a DBS device needs to have 
the following features: compactness, high conversion efficiency, and optimum 
load value equal to the input impedance of the DBS device. One of the most 
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popular RF rectifiers is the voltage multiplier, which can be used not only for 
rectification but also for the output voltage multiplication. The voltage multiplier 
is easy to design, versatile, less expensive, and can provide an output voltage 
that is within the range of odd and even multiples of the input voltage. There are 
different voltage multiplier topologies in the literature. The rectifiers with 
different topologies may have different performance parameters. For instance, 
Dickson topology and Villard topology show almost the same performance 
whilst they have different impedance characteristics [137]. The multiplier’s 
performance is also influenced by the number stages. Although more stages 
produces higher output DC voltages, it reduces the load current. The small value 
of load current may cause charging delays for the energy storage in a capacitor. 
Moreover, the limited load current could be insufficient to operate a circuit. The 
conversion efficiency also increases with the increment of the number of stages 
at sufficient input power. However, the rectifier with more stages performs worst 
in a low power region due to losses in the rectifier components. Furthermore, if 
the number of stages increases, the voltage gain decreases because of the 
parasitic effect from the constituent capacitors of each stage [48].Therefore, the 
rectifier circuit volume limitation, available input power, and voltage and current 
requirements of the driven system determine the number of permissible stages 
in the multiplier. Care should be taken during the selection of rectifier stages. 
Moreover, the load impedance has a significant impact on the performance of 
the rectifier. Every rectifier circuit produces the optimal efficiency at a certain 
load resistance, and the efficiency declines when the load impedance becomes 
too lower or too higher than the optimum value.  
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To identify an optimum rectifier for the energy harvesting applications, voltage 
multipliers with various configurations need to be investigated. Thus, the effect 
of input power, rectifier topology, number of stages, and load resistance on the 
rectifier performance has been analysed through designing, fabricating, and 
testing different rectifiers constructed by using the same Schottky didoes. By 
considering the evaluated results, space volume limitation, voltage requirement 
and input impedance of the DBS device, we have chosen an optimum rectifier 
and conducted the experiment, which involves the battery-less operation of the 
DBS device. 
4.3.6 Rectifier Design and Simulation Process 
Six different voltage multipliers including Bridge rectifier, Delon doubler, 
Greinacher voltage tripler, Delon voltage quadrupler, and 2-stage charge 
pumped rectifier, and Cockcroft-Walton 4-voltage multiplier architectures have 
been designed and simulated for RF rectification and voltage multiplication 
purposes. The rectifiers are designed based on the theory reported in the 
literature. In the rectifier design process, the dual series diodes configuration of 
HSMS-285C is considered.  In the designed rectifiers, an L-matching circuit is 
used for matching the rectifier input impedance with a 50 ȍ feed line impedance. 
The values of the matching circuit components are determined from Equations 
(4.12)-(4.17). Since the rectifier components determine the output voltage ripple 
and diode peak current, optimum components are selected through simulations. 
The number of stages in the rectifier circuit is determined based on the available 
power at the rectifier terminal. 
To evaluate the rectifiers’ performances, the designed rectifiers are then 
simulated using the harmonic balance nonlinear circuit simulation, planar EM 
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simulation (Momentum), and Co-simulation in momentum techniques of 
Genesys. The simulations are conducted at the operating frequency of 915 MHz. 
During the simulation process, a dielectric substrate of FR-4 with thickness of 
1.5 mm, and SMD components with parameters values from their datasheets are 
used. The PSpice model of HSMS-285 Schottky diode is employed from 
Genesys library, which reveals similar diode characteristics as Avogo HSMS-
285x Schottky diode. The quality factors of the capacitors and inductors, and DC 
resistances of the inductors at 915 MHz were considered. In the simulation, 
microstrip lines are used to connect the lumped SMD components. The 
resistance, capacitance, and inductance of the connecting microstrip lines are 
reflected during the determination of the impedance and the performance 
parameters of the rectifier. Moreover, in momentum and co-simulation 
technique, the effects from the components pads and their size are accounted for 
to achieve results that close to those of the fabricated rectifiers. In the simulation, 
the tuning and optimization of the matching components are carried out to attain 
a good reflection coefficient at the interface with the antenna for the specified 
input frequency and power. The simulated results give an idea about the 
operation and performance of the rectifiers. The simulated rectifiers are then 
fabricated and evaluated. The momentary simulated results and comprehensive 
experimental results are presented in Section 4.4.  
4.3.7 Rectifier Fabrication Process 
The fabrication of the rectifiers was accomplished by etching copper from the 
PCB using a T-Tech milling machine and soldering the surface mount devices.  
The fabrication of the rectifier was initiated by exporting the layout generated 
and optimized in Genesys Agilent software. The exported Garber file was then 
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imported into the Milling machine interfacing IsoPro software. A double sided 
PCB was used to mill the designed layout through the milling machine. The 
double sided PCB board accommodates copper of ½ oz on both side of the 
substrate to make the total thickness of 1.5 mm. The dielectric substrate of the 
board was FR-4 with İr = 4.5, į = 0.02. The milling machine was also used for 
drilling all the holes for vias connecting top metallic strip with the ground plane. 
After milling the board, copper wire with diameter of 1mm was used to connect 
top metallic conductor with the ground conductor via the drilled hole. The SMD 
components including Schottky diodes, capacitors, inductor, and resistor were 
then soldered on the PCB board. During the soldering process, a SMA connector 
with the type of straight jack and end launch was soldered at the input of the 
rectifier for the purpose of rectifier parameter measurement. The feeding pin of 
the SMA connector was attached to the positive terminal of the rectifier, and the 
ground pin of the SMA connecter was used to connect to the bottom ground 
plane of the board. 
4.3.8 Rectifier Performance Evaluation Process 
A basic structure of the rectifier is shown in Figure 4-4. Let us assume that Ps is 
the output power from the source, Pin is the actual input power to the rectifier, 
and Pr is the reflected power at the source and rectifier interface. The global 
efficiency of the system without considering power reflection is written as: 
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P 12   K
                                       (4.18) 
The effective efficiency of the rectifier by considering power reflection at 
interface is given by: 
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where PDC and VDC  are the DC output power and voltage across the load 
resistance RL, respectively.   
 
Figure 4-4: Basic structure of the rectifier. 
 
The net power Pin received by the rectifier is calculated by subtracting the 
reflected power Pr at the rectifier and source terminal from the source power Ps  
as: 
Pin = Ps - Pr                                (4.20) 
where the reflected power Pr is calculated as follows:  
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The experimental setup for the measurement of the rectifier conversion 
efficiency and DC output voltage is shown in Figure 4-5. A VNA is used as a 
signal generator, which provides input RF energy to the rectifier at frequency of 
915 MHz. The DC output voltage from the rectifier is measured by using a 
digital multimeter connected across the load resistance of the rectifier. The 
variations of the DC output voltage and conversion efficiency with the input 
power are determined by changing the nominal output power of the VNA signal 
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generator. To evaluate the characteristics of the rectifier as a function of load 
resistance, a potentiometer is used as a rectifier load resistance. The measured 
values of rectified DC output voltage, load resistor, input power, and magnitude 
of reflection coefficient are then used to determine rectifier conversion 
efficiency through the calculation conducted by using Equations (4.19)-(4.21).  
 
Figure 4-5: Experimental setup to measure the performance of the rectifier in 
free space. 
 
4.4 Proposed Rectifiers 
Six different rectifier circuits are fabricated and evaluated to identify an 
optimum rectifier with high conversion efficiency, required output voltage, and 
optimum load resistance. The operation and the variation of the performance 
with different rectifier parameters are discussed. Moreover, the performance of 
these rectifiers are compared to identify the best rectifier for our application. 
4.4.1 Bridge Rectifier
The bridge rectifier topology is widely used in low frequency rectification is 
shown in Fig 4.6(a). In the bridge circuit, a full-wave rectification scheme is 
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utilized. In full-wave rectification process, the entire incident wave restores at 
load, whereas for a half-wave rectifier, the load becomes disconnected from the 
source for half of the time [16]. During the positive half cycle, diodes D1 and D4 
are conductive and D2 and D3 are blocked. The voltage across the output 
capacitor C1 is the same as the input voltage. During the negative half cycle, 
diodes D2 and D3 are conductive, whereas D1 and D4 are blocked. In this half-
cycle, the output voltage also remains positive with the same amplitude as the 
input voltage. Thus, in this rectification process, both half cycles of the input 
voltage has to overcome the threshold voltages of the two diodes. Because of the 
voltage drop across the two diodes in each half cycle, this rectifier topology is 
not suitable for low-power rectification. 
The input impedance of the rectifier is matched to the reference 50 ȍ source with 
an L-matching circuit. The fabricated L-matched bridge rectifier using the 
optimized values of the lumped circuit components that are connected through 
microstrip lines is shown in Figure 4-6(b). The first order L-matching circuit 
also works as a low pass filter to allow desired frequency signal into diode and 
prevents harmonic signal components. The PCB substrate of FR-4 with İr = 4.5 
and į = 0.02 is used to fabricate the circuit. The simulated and measured return 
loss responses of the bridge rectifier are illustrated in Figure 4-7. The rectifier 
resonates at the 915 MHz ISM band for 50 ȍ input source. However, the 
reflection coefficient is measured for the specific input power of 5 dBm and load 
resistance of 5 kȍ. It is observed that the reflection coefficient changed slightly 
with the change of load and varied reasonably with the variation of the input 
power. The input impedance of the circuit is 52.4 í j 12.1 ȍ at 915 MHz for the 
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input power level of 5 dBm. The total dimension of the fabricated bridge rectifier 
is 14.5 mm × 8.5 mm × 1.5 mm, and its weight is 0.50 g. 
 
(a) 
 
(b) 
Figure 4-6: (a) Schematic diagram of the bridge rectifier with an L-matching 
circuit. (b) Photograph of the fabricated bridge rectifier.   
 
The output DC voltage and RF to DC rectifier conversion efficiency is 
determined by the experimental setup shown in Figure 4-5.  Figure 4-8(a) shows 
the efficiency of the bridge rectifier circuit with respect to the load resistance for 
the input powers of í5 dBm and 5 dBm. The maximum efficiency at the í5 dBm 
input power is 64.35% for 5 kȍ load and the output voltage of 1.05 V, which is 
53.84% of the maximum voltage, 1.95 V at a 100 kȍ load. The maximum 
efficiency at the 5 dBm input power is 60.53% for a 5 kȍ load. The output 
voltage at the 5 dBm input power is 3.22 V for a 5 kȍ load, whereas the output 
voltage is 4.68 V for a 100 kȍ load.  Figure 4-8 (b) presents the variation of the 
bridge rectifier efficiency and output voltage with respect to the input power for 
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the load resistance of 20 kȍ. It is clear from the figure that the conversion 
efficiency is very small at the input power of í25 dBm or lower. The RF to DC 
conversion efficiency goes up with the increase of the input power level until 
certain level. The maximum efficiency of 39.90% of the bridge rectifier is 
reached at the í5 dBm input power and it is then decreased at the higher power. 
 
Figure 4-7: Simulated and measured reflection coefficients of the bridge rectifier 
in free space. 
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(b) 
Figure 4-8: (a) Measured circuit efficiency versus load resistance at various input 
power levels for the bridge rectifier in free space. (b) Efficiency and DC output 
voltage versus input power for the bridge rectifier. 
 
4.4.2 Delon Voltage Doubler Rectifier 
The Delon voltage doubler [201] with an L-matching circuit is shown Figure 
4-9(a). The difference between the Delon doubler and the Greinacher doubler is 
that the Delon doubler does not share the input ground with the output ground, 
whereas the Greinacher doubler shares both grounds [49]. The Delon doubler 
circuit consists of diodes and capacitors. During the negative half-cycle of the 
input signal, the capacitor C2 is charged through the diode D2. During the 
positive half-cycle of the input signal, the capacitor C1 is also charged through 
the diode D1. The overall output voltage is the sum of the voltages across the 
capacitors C1 and C2 that are in series.  
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(a) 
 
(b) 
Figure 4-9: (a) Delon voltage doubler rectifier with L-matching circuit. (b) 
Fabricated PCB of the Delon voltage doubler rectifier. 
 
The fabricated PCB of the L-matched Delon voltage doubler with the optimized 
values of the lumped circuit components, while connecting them with microstrip 
lines is shown in Figure 4-9(b). The overall dimension of the fabricated rectifier 
is 9.5 mm × 10 mm × 1.5 mm, and its weight is 0.45 g. The input impedance of 
the circuit is determined by the simulation and physical measurement. Figure 
4-10 shows the simulated and measured reflection coefficients of the rectifier in 
free space. The figure indicates that there is good agreement between the 
simulated and measured return loss responses. The measured reflection 
coefficient and input impedance of the circuit at 915 MHz in free space is –12.98 
dB and 32.2 í j4.9 ȍ, respectively. Thus, the circuit is capacitive in nature. 
However, this reflection coefficient is measured for certain input power of 5 
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dBm and load resistance of 5 kȍ. The reflection coefficient changed a little with 
the change of load and varied moderately with the variation of input power. 
 
Figure 4-10: Simulated and measured reflection coefficient of the Delon voltage 
doubler rectifier in free space. 
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(b) 
Figure 4-11: (a) Measured circuit efficiency versus load resistance at various 
input power levels in free space. (b) Efficiency and DC output voltage versus 
input power for the Delon voltage doubler rectifier. 
 
The rectified DC output voltage is determined by using the experimental setup 
shown in Figure 4-5, and the RF to DC conversion efficiency is calculated using 
(4.19) and (4.21). Figure 4-11 (a) shows the variation of the efficiency of the 
Delon circuit with respect to the load resistance at different input power levels. 
The maximum conversion efficiency at í5 dBm input power is 78.58% for a 5 
kȍ load, and the maximum conversion efficiency at 5 dBm input power is 75% 
for the same load resistance. The maximum conversion efficiency was achieved 
for this load because at this load the maximum current was drawn from the diode 
circuit. The measured efficiency is higher than the efficiency reported by [16, 
49, 132]. The measurement results highlight that the DC output voltage rises 
with the increment of the load resistance but the AC-DC conversion efficiency 
declines. The rate of deterioration of the conversion efficiency for the low input 
power levels is smaller than the high input power levels. Figure 4-11 (b) 
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represents the variation of the measured Delon rectifier efficiency and DC output 
voltage with the input power level for the load resistance of 30 kȍ. The 
conversion efficiency is very low at the power of í25 dBm or lower. The RF to 
DC conversion efficiency rises with the increment of the input power level. The 
maximum efficiency for a 30 kȍ load is recorded as 48% at í5 dBm input, and 
it then decreases radically with further increment of the input power level. The 
output voltages at í5 dBm and 5 dBm input power levels are 2.22 V and 5.02 V 
for a 30 kȍ load, respectively, while the output voltages are 2.45 V and 5.2 V 
for a 100 kȍ load, respectively. 
 
4.4.3 Greinacher Voltage Tripler Rectifier 
A Greinacher voltage tripler rectifier, which generates more output voltage than 
the Delon voltage doubler rectifier is designed. The rectifier, which uses 
minimum circuit components is displayed in Figure 4-12 (a). The rectifier circuit 
consists of diodes, capacitors, and a load resistor. The input impedance of the 
rectifier is matched to a reference 50 ȍ source with an L-matching circuit 
according to (4.12)-(4.17). This rectifier is a half-wave rectifier. During the 
negative half-cycle of the input signal, the capacitor C1 is charged through the 
diode D1, and the capacitor C3 is charged to input voltage through the diode D3. 
During the subsequent positive half-cycle, the input voltage and the voltage 
across C1 supply current to the capacitor C2 through the diode D2. Thus, the 
capacitor C2 is charged to the double of the input voltage, while the capacitor C3 
is charged to the voltage of the input signal. The DC voltages across the 
capacitors C2 and C3 are added together as they are in series. The overall output 
voltage is the sum of the voltages across the capacitors C2 and C3 resulting in 
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approximately three times the AC input voltage minus the forward voltage drop 
across the diodes. The DC output voltage significantly depends on the voltage 
drop in diodes. If the forward bias voltage of the diodes is low, the output voltage 
and the rectifier efficiency will be high. For the smooth operation of this circuit, 
the voltage rating of the capacitors and diodes should be within a safe level, 
preferably, double the value of the maximum input voltage.  
The fabricated PCB for the rectifier with optimized values of the lumped circuit 
components is shown Figure 4-12 (b). Microstrip lines on the FR-4 substrate are 
used to connect the lumped components. The resistance, capacitance, and 
inductance of the connecting microstrip lines are considered during the 
characterization of the rectifier in both simulation and measurement. The overall 
dimension of the fabricated rectifier is 9.6 mm × 13 mm × 1.5 mm, and its weight 
is 0.47 g. Figure 4-13 illustrates the simulated and measured reflection 
coefficient of the rectifier in free space. It is clear from the figure that there is 
good agreement between the simulated and measured return loss responses. The 
measured reflection coefficient of the circuit at 915 MHz in free space is –20.46 
dB. However, this reflection coefficient is measured for input power of 5 dBm 
and load resistance of 10 kȍ. The reflection coefficient changed slightly with 
the change of load and varied moderately with the variation of input power. The 
measured input impedance of the rectifier at 915 MHz in free space is 53.6 – j8.7 
ȍ which is capacitive in nature. 
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(a) 
 
(b) 
Figure 4-12: (a) Greinacher circuit form of the voltage tripler rectifier with an 
L-matching circuit. (b) Fabricated rectifier. 
 
The RF to DC conversion efficiency and DC output voltage of the rectifier is 
determined by using the experimental setup shown in Figure 4-5. Figure 4-14 
(a) shows the efficiency of the rectifier with respect to the load resistance for 
different input power levels. The maximum measured efficiency at í5 dBm 
input power is 75.71% for a 10 kȍ load. The maximum efficiency at 5 dBm 
input power is 72.53% for a 10 kȍ load. Figure 4-14 (b) presents the variation 
of the measured efficiency and DC output voltage with respect to the input power 
for a 30 kȍ load. It can be seen from the figure that the conversion efficiency is 
very low at the fed power of í25 dBm or lower. The RF-DC conversion 
efficiency goes up with the increase of the input power until í5 dBm, 
subsequently decreasing at higher power levels. The output voltages at í5 dBm 
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and 5 dBm input power levels are 2.6 V and 6.4 V for a 30 kȍ load, respectively, 
whereas the output voltages for a 100 kȍ load are 3.21 V and 7.02 V, 
respectively. 
 
Figure 4-13: Simulated and measured reflection coefficients of the voltage 
tripler rectifier in free space. 
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(b) 
Figure 4-14: (a) Measured circuit efficiency versus load resistance at various 
input power levels in free space. (b) Efficiency and DC output voltage versus 
input power for the voltage tripler rectifier. 
 
4.4.4 Delon Voltage Quadrupler Rectifier 
A voltage quadrupler rectifier provides more DC output voltage than the voltage 
tripler rectifier. Figure 4-15 (a) shows a Delon voltage quadrupler rectifier with 
an L-matching circuit. The rectifier consists of two cascaded Delon voltage 
doublers. The rectifier works as a full-wave rectifier. During the negative half-
cycle of the input signal, the capacitor C1 is charged through the diode D1. 
During the next positive half-cycle of the input signal, the capacitor C2 is charged 
through the diode D2, and the input voltage and the voltage across C1 supply 
current to the capacitor C3 through the diode D3 charging C3 up to twice the input 
signal. During the next consecutive negative-half cycle, the capacitor C1 is 
replenished, and the input voltage and the voltage across C2 supply current to 
the capacitor C4 through the diode D4 charging C4 up to twice the input signal. 
The voltages across the capacitors C3 and C4 are almost twice the input voltage 
minus the voltage drop across the two diodes. The overall output voltage is the 
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sum of the voltages across the capacitors C3 and C4 resulting in approximately 
four times the input voltage minus the voltage drop across the four diodes. 
The voltage quadrupler rectifier has a pair of series diodes connected in parallel 
to each other. The voltage generated at the output of the rectifier can be 
approximately as [49]:                                               
)(4 dso VVV                                               (4.22)                       
where V0 is the output voltage, 4 is the number of diodes, Vs is the amplitude of 
the RF input signal, and Vd is the forward voltage drop of the Schottky diodes. 
It is clear from (4.22) that the efficiency and output voltage of the rectifier 
depends on the input power level and the forward bias voltage drop across the 
diodes. If the input power level of the rectifier is low, then the output voltage, Vo 
will be smaller due to the current consumption in the four diodes. The input 
voltage can be smaller than the forward bias voltage, resulting in the rectifier not 
working as a voltage multiplier. Therefore, for the low levels of input power, the 
voltage doubler as well as the simple half-wave rectifiers perform better than 
this rectifier. 
The fabricated Delon voltage quadrupler rectifier with optimized lumped circuit 
components is shown in Figure 4-15 (b). The L-matching circuit consists of a 16 
nH inductor and a 3.6 pF capacitor. The reflection coefficient of the circuit is 
shown in Figure 4-16. The return loss response is good enough at 915 MHz. 
However, this reflection coefficient is measured for fixed input power of 5 dBm 
and load resistance of 15 kȍ. The reflection coefficient changed slightly with 
the change of load, and altered moderately with the variation of input power. 
The input impedance of the circuit is 45 + j 15.1 ȍ at 915 MHz for the input 
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power of 5 dBm. The dimension of the fabricated rectifier is 11 mm × 13.5 mm 
× 1.5 mm, and its weight is 0.63 g. 
 Figure 4-17 (a) shows the measured circuit efficiency versus the load resistance 
at various input power levels in free space. Figure 4-17 (b) represents the 
efficiency and DC output voltage versus input power for a 30 kȍ load. The 
maximum efficiency at í5 dBm and 5 dBm input power levels are 73.91% and 
70.62% for a load of 15 kȍ, respectively. This measured efficiency is higher 
than the efficiency reported in [49]. At  í5 dBm and 5 dBm input power levels, 
the output voltages are 2.66 V and 7.67 V for a 30 kȍ load, which are 77% and 
88% of the voltages (3.44V and 8.69V) associated with a 100 kȍ load. The RF-
DC conversion efficiency increases with the rise of the input power level up to -
5 dBm, then it becomes almost steady for the input power levels of  í5 dBm to 
0 dBm, and then it decreases for higher input power levels. The rectifier offers 
good performance at sufficient input power levels. At adequate input power 
levels, it performs better than the Delon doubler rectifier but at low input power 
levels it offers less efficiency and sensitivity compared to the Delon doubler and 
the Greinacher tripler rectifiers.  
 
(a) 
PAC=5dBm
F=915MHz
Input
C=3.6pF
Cf
C=100pF
C1
C=100pF
C2
D3
D2
D4
D1
C=470pF
C4
C=470pF
C3
L=16nH
Lf
R=15KO
RL
 167 
 
(b) 
Figure 4-15: (a) Delon voltage quadrupler rectifier with an L-matching circuit. 
(b) Fabricated voltage quadrupler rectifier. 
 
 
Figure 4-16: Simulated and measured reflection coefficients of the voltage 
quadrupler rectifier in free space. 
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(b) 
Figure 4-17: (a) Measured circuit efficiency versus load resistance at various 
input power levels in free space. (b) Efficiency and DC output voltage versus 
input power for the Delon voltage quadrupler rectifier. 
 
4.4.5 2-stage Charge Pumped Rectifier 
A 2-stage voltage multiplier [146] converting an RF input signal to DC output 
voltage is shown in Figure 4-18 (a).  This circuit is called Dickson charge pump 
rectifier. For this rectifier, the output voltage can be expressed as [207]: 
)(2 dso VVnV                                       (4.23) 
where n is the number of stage, Vs is the amplitude of the RF input signal, and 
Vd is the forward voltage drop of the Schottky diode. During the first negative 
half cycle of the input signal, the capacitors C1, C2 and C3 are charged through 
the diodes D1 and D4. During the following positive half cycle, the voltage from 
the source and the voltage across C1 created in the first half cycle will combine 
together and charge the capacitor C2 to approximately 2Vs. In this half-cycle, the 
capacitor C4 will be charged through the diode D3 as well. In the subsequent 
half-cycle, the capacitor C1 is replenished, and the voltages across the capacitors 
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C2 and C3 supply current through the diodes D4 and D3 charging the capacitor 
C4 to the level approximately four times the input voltage minus the voltage drop 
across the four diodes. In each following half cycle, the potential difference 
generated across the capacitor C4 from the previous half cycle adds with the 
input voltage to produce higher voltage; thus, charge is pumped up to the load. 
After few cycles, the output voltage across the load reaches a steady state. 
The fabricated L-matched charge pumped rectifier employing optimized values 
of the lumped circuit components that are connected through microstrip lines is 
displayed in Figure 4-18 (b). The first order L-matching circuit also prevents 
harmonic signal components by applying a low pass filtering function. The PCB 
substrate of FR-4 with İr = 4.5 and į = 0.02 is used to build the circuit. The 
simulated and measured return loss response of the charge pumped rectifier is 
shown in Figure 4-19. The rectifier has good return loss and resonance at the 915 
MHz ISM band for 50 ȍ input source. However, this reflection coefficient is 
measured for the input power of 5 dBm and a load resistance of 10 kȍ. The 
reflection coefficient was changed slightly with the change of load and varied 
reasonably with the variation of input power. The input impedance of the circuit 
is 50.5 í j 3.2 ȍ at 915 MHz for the input power level of 5 dBm. The total 
dimension of the fabricated 2-stages charge pumped rectifier is 11.5 mm × 12.5 
mm × 1.5 mm and weight is 0.58 g. 
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(a) 
 
(b) 
Figure 4-18: (a) 2-stages charge pump rectifier with an L-matching circuit. (b) 
Fabricated 2-stages charge pump rectifier. 
 
Figure 4-20 (a) shows the efficiency of the 2-stage charge pumped rectifier 
versus load resistance for different input power levels. The maximum efficiency 
at í5 dBm and 5 dBm input power levels are 76.80% and 74.78% for a 10 kȍ 
load, respectively. This measured efficiency is higher than the efficiency 
reported in [47, 208]. The RF to DC conversion efficiency becomes lower if the 
load resistance is varied from its optimum value. The variation of the efficiency 
and DC output voltage with respect to the input power for a 30 kȍ load is 
presented in Figure 4-20 (b). The rectified DC output voltages at í5  dBm and 5 
dBm input power levels are 2.56 V and 7.58 V for a 30 ȍ load, respectively, 
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whilst the output voltages for a 100 kȍ load are 3.29 V and 8.65 V, respectively. 
The peak rectifier efficiency of 60% for a 30 kȍ load is obtained at – 5 dBm input 
power level. The conversion efficiency gradually decreases with the input power 
levels of lower than í5 dBm and higher than í5 dBm. 
 
Figure 4-19: Simulated and measured reflection coefficients of the charge 
pumped rectifier in free space. 
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(b) 
Figure 4-20: (a) Measured circuit efficiency versus load resistance at various 
input power levels in free space. (b) Efficiency and DC output voltage versus 
input power for the 2-stage charge pumped rectifier. 
 
4.4.6 Cockcroft-Walton 4-voltage Multiplier 
The half-wave 4-voltage multiplier [209-210] as described by Cockcroft and 
Walton is shown in Figure 4-21 (a). This circuit is also called a two-stage 
Greinacher rectifier. In the two-stage rectifier configuration, the output of the 
first stage is connected to the ground of the second stage and the final output is 
the output taken from the second stage. During the negative half-cycle of the 
input signal, the diode D1 conducts current from the ground into the capacitor C1 
to charge it up. During the next positive half cycle, the voltage from the source 
and the voltage across C1 stored in the first cycle are combined together and 
charge the capacitor C2 to approximately twice the charge held in the first 
capacitor through the diode D2. With each successive half cycle of the input 
signal, the capacitors are charged by the previous one and hence the voltage level 
of the capacitors is raised towards the output on the right. If the capacitors and 
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diodes are ideal, the output voltage is the peak input voltage multiplied by the 
number of diodes in the multiplier. The main advantage of this circuit is that the 
voltage across each stage is equal to about twice the peak input voltage and 
output can be taken from any stage. However, in the Cockcroft-Walton 
multiplier, each additional stage adds less output than the previous stage due to 
the loss in the capacitor-diode pairs. Assuming that all of the capacitors have the 
value of C, and all other components are ideal, the input-output relationship of 
this multiplier based on the steady state analysis is written as [210]: 
    outININout ICTDDnnnVVnV ¹¸·©¨§»¼
º«¬
ª ¹¸
·
©¨
§  13364122
2
23
             (4.24)     
where D = T1 /T, T is the time period of the input signal, T1 is the time for the 
positive half cycle, n is the number of diode, Iout is the output load current, VIN-  
and VIN+  are the positive and negative value of the input voltage, respectively. 
For the ideal voltage multiplier, the output can be simplified as [211]:                                        
out
f
INout IC
nnVV 1 
                          (4.25) 
The photograph of the fabricated L-matched Cockcroft-Walton 4-voltage 
multiplier with optimized lumped circuit components is shown in Figure 4-21 
(b). The L-matching circuit consists of a 15 nH inductor and a 4 pF capacitor. 
The Cockcroft-Walton 4-voltage multiplier has a pair of series diodes connected 
in series to each other. The simulated and the measured reflection coefficients of 
the rectifier circuit are shown in Figure 4-22: Simulated and measured reflection 
coefficients of the Cockcroft-Walton 4-voltage multiplier in free space.. 
Although the circuit resonates at higher frequencies, its reflection coefficient is 
less than –10 dB at 915 MHz. The measured reflection coefficient at 915 MHz 
in free space is –15.05 dB. The measured input impedance of the rectifier at 915 
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MHz in free space is 56.2 + j 18 ȍ, which is inductive in nature. The dimension 
of the fabricated rectifier is 12.5 mm × 13.5 mm × 1.5 mm and its weight is 0.60 
g. 
 
(a) 
 
(b) 
Figure 4-21: (a) Schematic diagram of the Cockcroft-Walton 4-voltage 
multiplier with an L-matching circuit. (b) Photograph of the fabricated 
Cockcroft-Walton 4-voltage multiplier. 
 
To characterise the rectifier performance, the experimental setup, as indicated in 
Figure 4-5 was used. Figure 4-23 (a) presents the efficiency of the rectifier with 
respect to the load resistance for the input powers of í5 dBm and 5 dBm. The 
maximum measured efficiency at í5 dBm input power is 68.70% for a 5 kȍ load 
resistance. Whereas, the maximum efficiency at 5 dBm input power is 74.40% 
for the same load resistance. Figure 4-23 (b) shows the variation of the measured 
efficiency and DC output voltage with respect to the input power for a 20 kȍ 
load resistance. It can be observed from this figure that the conversion efficiency 
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is low at small values of source power. The RF-DC conversion efficiency rises 
with the increase of the input power and the maximum efficiency of 61% is 
attained at 5 dBm input power level. The output voltages at í5 dBm and 5 dBm 
input power levels are 2.05 V and 6.57 V for a 20 kȍ load, respectively, whereas 
the output voltages for a 100 kȍ load are 2.7 V and 7.8 V, respectively. 
 
 
 
Figure 4-22: Simulated and measured reflection coefficients of the Cockcroft-
Walton 4-voltage multiplier in free space. 
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(b) 
Figure 4-23: (a) Measured circuit efficiency versus load resistance at various 
input power levels for the Cockcroft-Walton 4-voltage multiplier in free space. 
(b) Efficiency and DC output voltage versus input power for the Cockcroft-
Walton 4-voltage multiplier. 
 
4.4.7 Performance Comparison of the Rectifiers and Discussions 
Table 4-1 gives the maximum RF to DC conversion efficiency for the input 
power levels of í5 dBm and 5 dBm, the DC output voltages recorded for the 
load of 100 kȍ, dimension and weight of the fabricated rectifiers. At both input 
power levels of í5 dBm and 5 dBm, the Delon voltage doubler rectifier gives 
greater conversion efficiency and output voltage than the bridge rectifier, 
although both have same number of diodes and are full-wave rectifiers. 
However, these two rectifiers provide maximum conversion efficiency at the 
same load resistance of about 5 kȍ. At both input power levels of í5 dBm and 5 
dBm, the Delon voltage tripler rectifier gives the less conversion efficiency than 
the Delon doubler, whereas the tripler provides more conversion efficiency than 
the Delon quadrupler rectifier. At the input power of higher than 5 dBm, the 
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Delon quadrupler rectifier provides higher conversion efficiencies than the 
voltage doubler and tripler rectifiers because the quadrupler rectifier has more 
diode-capacitor pairs than the doubler and tripler rectifiers. The optimum load 
resistances at which the doubler, tripler and quadrupler rectifiers have achieved 
maximum efficiency are approximately 5 kȍ, 10 kȍ and 15 kȍ, respectively.  
Thus, it is obvious that the rectifiers’ output impedance depend on the number 
of diode in the circuit. 
 Although the Delon quadrupler, charge pump rectifiers, and Cockcroft-Walton 
4-voltage multiplier have different topologies, they have four pairs of diode-
capacitor and their performances are not significantly different. However, 
among these three topologies, the charge pump rectifier outperforms the Delon 
quadrupler rectifier, and the Cockcroft-Walton 4-voltage multiplier rectifier 
slightly.  The charge pump rectifier, and the Cockcroft-Walton 4-voltage 
multiplier rectifier have gained maximum efficiency at a load resistance of 10 
kȍ, and 5 kȍ, respectively, whereas the Delon voltage quadrupler rectifier 
reached its maximum efficiency at 15 kȍ. Thus, it is clear that the rectifier output 
impedance is influenced by the topology of the circuit, which determines 
whether the diodes are in series or parallel configuration in the circuit.  
The DC output voltage of the Schottky diode-based rectifier increases with the 
increment of the number diode-capacitor pairs. The output voltage of the Delon 
doubler rectifier at 5 dBm for a 100 kȍ load is 5.2 V, whereas the output voltage 
of the Delon quadrupler rectifier is 8.69 V, which is less than twice of that for 
the doubler rectifier due to the voltage losses in more diodes and capacitors. 
Similarly, the DC output voltage of the Greinacher voltage tripler rectifier is 7.02 
V, which is not 1.5 times of the doubler rectifier output. The output voltages of 
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the rectifiers do not vary considerably with the variation of the rectifiers’ 
topologies. For instance, the Delon quadrupler, charge pump rectifiers, and the 
Cockcroft-Walton 4-voltage multiplier rectifier provide output voltages of 8.69 
V, 8.65 V, and 7.8 V at 5 dBm input power and at 100 kȍ load, respectively. On 
the other hand, the DC output voltage increases with the increase of the load 
resistance. Experimental results show that, all of the six rectifiers provide the 
maximum conversion efficiency for the load in the range of 5 kȍ to 15 kȍ. If 
the load resistance increases beyond the optimum load value, the output voltage 
increases but the conversion efficiency decreases significantly. By considering 
both efficiency and DC output voltage, the load of 30 kȍ offers almost 80% 
output voltage of that obtained for a 100 kȍ load, and gives reasonable 
conversion efficiency.   
Table 4-1. Maximum conversion efficiency and Dc output voltage for different 
rectifier configurations. 
Rectifier 
Maximum 
Conversion 
Efficiency (%) 
DC Output Voltage at 
100 kȍ (Volt) Size 
(mm × 
mm) 
Weight 
(g) í5 dBm 
input 
5 dBm 
input 
í5 dBm 
input 
5 dBm 
input 
Bridge rectifier 64 60 1.95 4.68 
14.5 × 
8.5  
0.50 
Delon doubler  79 75 2.45 5.2 
9.5  × 
10 
0.45 
Greinacher voltage 
tripler 
76 73 3.21 7.02 
9.6  × 
13 
0.47 
Voltage quadrupler 74 71 3.44 8.69 
11 × 
13.5 
0.63 
2-stage charge pumped 77 75 3.29 8.65 
11.5 × 
12.5 
0.58 
Cockcroft-Walton 4-
voltage multiplier 
69 74 2.7 7.8 
12.5 × 
13.5 
0.60 
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It is clear that if the input power is 5 dBm and higher, the conversion efficiency 
of any of the six designed rectifiers decreases because of the diode 
characteristics. The diode HSMS-285C used in the rectifiers implementation is 
suitable for low-power application due to low-level of saturation current and 
breakdown voltage. On the other hand, if the input power is lower than í20 dBm, 
the rectifiers are not preferable because they provide very low efficiency and 
low output voltage. This happen because at this low input power, the loss across 
the diodes becomes significant. Therefore, at input power level of í20 dBm or 
lower, the CMOS-based rectifiers should be used since the CMOS technology 
has lower loss than Schottky diodes. However, at the input power level of í5 
dBm to 5 dBm, the implemented rectifiers are preferable. The performance of 
the rectifiers varies with the variation of input power. The rectifier made by four 
diodes outperforms at higher values of input power in term of conversion 
efficiency and DC output voltage, whereas the Delon doubler rectifier is the best 
rectifier for applications demanding low output voltage at low input voltage. 
After all, by considering the performances of the rectifiers, the available input 
power at rectifier terminal, optimum load resistance, and input impedance of the 
DBS device, we have chosen the Cockcroft-Walton 4-voltage multiplier rectifier 
for our application. In order to assess the performance of the selected rectifier, 
we compared the rectifier parameters with those of previously reported rectifiers. 
The performance of the proposed rectifier against the existing rectifiers is shown 
in Table 4-2.  
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Table 4-2. Comparison with existing rectifiers. 
Type of 
rectifier 
Frequency 
of 
operation 
Type of 
diode 
Input 
power 
Optimum 
load 
Max 
PCE 
Output DC 
voltage 
Ref 
Cockcroft-
Walton 4-
voltage 
multiplier 
915 MHz 
HSMS-
285C 
5 dBm 5 kȍ 74% 7.8 V proposed 
5-stage 
Cockcroft-
Walton 
multiplier 
866.6 
MHz 
HSMS-
285C 
10 
dBm 
1.2 kȍ 54% 1.6 V@ 
max PCE 
[95] 
Delon 
Voltage 
doubler 
434 MHz 
HSMS-
285C 
í30 
dBm 
20 kȍ 22% 124 mV@ 
output open 
[204] 
Series diode 
detector 
925-960 
MHz 
SMS-
7630 
í25.4 
dBm 
optimum 40% 
350 mV@ 
max PCE 
[212] 
Greinacher 
voltage 
doubler 
902 MHz 
HSMS-
2852 
í10 
dBm 
- - 
1.08 V @10 
Mȍ [213] 
Bridge 
rectifier 
900 MHZ-
2.45 GHz 
HSMS-
2820 
23 
dBm 
200 ȍ 78% 
6.5 V@ 
optimum 
load 
[16] 
2- stage 
Dickson 
charge 
pump 
2.45 GHz HSMS-
2852 
3 dBm 13 kȍ 70% 1.6 V [208] 
Delon 
Voltage 
Quadrupler 
434 MHz HSMS-
285C 
0 dBm 16 kȍ 50% 6.0 V@ 
output open 
[49] 
 
4.5 Summary
In this chapter, six voltage multiplier rectifiers using a first order L-matching 
circuit for energy harvesting in a DBS device were presented. A small signal 
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analysis of the multipliers, diode selection, impedance matching, and 
performance evaluating calculation were given. In addition, design, simulation 
and fabrication processes of the rectifiers were described. The rectifiers were 
optimized to get the maximum performance for the specified application. The 
performance of the fabricated rectifiers with respect to different parameters were 
highlighted and then compared. The measurement results revealed that the 
rectifiers’ conversion efficiency and DC output voltage depend on the load 
resistance and the input power level. Although the six rectifiers offer different 
load resistances for optimum operation, their conversion efficiency were close 
to each other at the input power levels of í5 dBm to 5 dBm. However, they 
provided different output voltages according to the input power and the rectifier 
configuration. From the comprehensive analysis given in this chapter, one may 
acquire an insight into the dependence of the rectifier performance to the circuit 
parameters. It was found that, the optimum rectifier circuit of 2-stage charge 
pumped rectifier is the best option for our application. In Chapter 5, the operation 
of this rectifier together with a passive DBS device will be discussed. 
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C H A P T E R  F I V E  
5 RF Energy Harvesting Through Rectenna 
for a Passive DBS Device 
5.1 Introduction
This chapter presents the performance of the developed rectennas. The battery-
less operation of the DBS device is demonstrated through both free space and a 
rat model. Energy harvesting is accomplished with the proposed rectenna. 
Electromagnetic waves are transmitted from a dedicated far-field transmitter, 
and then captured and rectified by the rectenna. A set of experiments is devised 
to investigate the performances of the rectenna with the rat model. 
5.2 Theoretical Techniques in the Design of Rectennas 
An energy harvester is used to replace the battery in an electronic device. In a 
low-power medical device including a DBS device, power could be scavenged 
from either ambient RF sources or from a dedicated energy source. The rectenna 
is the main part for the RF energy harvesting approach. There are different 
factors that affect the rectenna design and evaluation. These factors are discussed 
in this section. 
5.2.1 Field’s Theoretical Design of Rectennas 
An accurate evaluation of the DC output power and the conversion efficiency of 
an RF rectenna requires nonlinear circuit analysis. This is possible by 
considering the antenna with incident EM field as a linear active system, which 
is presented by the Norton equivalent circuit. Let Jeq (Ȧ) be the Norton 
equivalent current source, and YA(Ȧ) be the antenna admittance evaluated by the 
full-wave EM analysis. To get Jeq (Ȧ), we need to use the EM theory. An RF 
 183 
source is considered in terms of the associated incident field with a certain 
frequency, direction, and polarization. If the transmitting and receiving antennas 
are in Fraunhofer regions of each other [214-215], then the reciprocity theorem 
can be used to estimate the actual RF power available to the rectifier terminal. 
The plane wave approximation of the incoming wave is used in this approach to 
make it simple. Let EA(r, Ȧ) be the far field vector radiated by the harvesting 
antenna in transmitting mode when it is fed by a voltage source of amplitude U 
and internal resistance R0. If Ei (r, Ȧ) is the field vector associated with the 
incident signal, then by applying the reciprocity theorem, we get:  
> @    ZZK
OZZ
E
,,2
)(1
)( 0 rErEre
U
YR
jJ iA
rj
A
eq x 
                             (5.1) 
where Ɣ is the scalar product, YA is the antenna admittance, Ș is the free space 
wave impedance, Ȧ is the angular frequency, Ȝ is the wavelength,  ȕ is the phase 
constant, and r is the spatial vector indicating the RF source direction of arrival 
in the receiver reference frame. The trans-admittance functions can be written as 
[214]: 
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Therefore, (5.1) can be expressed as: 
       ZZZZZ MMTT ,,,,)( rErGrErGJ iieq                           (5.3) 
Equation (5.3) shows the parallel connection of two field-driven current sources 
with internal admittance YA (Ȧ). The driving fields are the scalar components of 
the incoming RF signal. The specific direction of the RF wave arrival is 
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described by trans-admittance functions Gĳ and Gș, which are derived from the 
full-wave analysis [214]. Since the current source is linear, the available power 
of Pav at the rectenna terminal is simply determined as the power delivered by 
the antenna under proper impedance match. The available power at the rectenna 
input can be written as [215]: 
> @)(Re8
)(
2
Z
Z
A
eq
av Y
J
P  
                                                         (5.4) 
The rectenna performance can be determined by the electromagnetic conversion 
efficiency. The RF-DC conversion efficiency of the rectenna is the parameter 
that improves the operating range and the output voltage. The conversion 
efficiency depends on the available microwave input power intensity and the 
load connected to the diode rectifier. The maximum output voltage and 
efficiency will be obtained by the optimum input power intensity and load 
resistance. The RF-DC conversion efficiency also depends on impedance 
matching between the antenna and the rectifier, and the characteristics of the 
rectifying diode [215]. The RF-DC conversion efficiency can be expressed as: 
av
out
DCRF P
P K
                                                        (5.5) 
where Pav is the available power at the rectenna input, which is computed by 
(5.4), and Pout  is the DC output power. The DC output power of the rectenna 
can be calculated as: 
  
L
DC
LDCout R
VIVP
2
                                       (5.6) 
where RL is the load resistance of the rectenna, VDC is the voltage across the load 
resistance, and IL is the current flowing into the load. 
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5.2.2 Link Budget for Rectennas in Free Space 
The designed rectenna is employed to harvest RF energy from a fed transmitter. 
Moreover, the harvested energy is used to power a passive DBS device. Thus, a 
secure communication link between the rectenna and the far field RF energy 
transmitter needs to be established for the interference-free operation of the 
passive DBS device. To do this, the determination of available power at the 
rectenna terminal is essential. This can be done by the link budget calculation. 
In the link budget setup, the designed antenna is located in free space and 
considered as the receiving antenna. The RF energy transmitting antenna is 
placed at a distance from the receiving antenna. Therefore, a communication link 
is established between the two antennas. However, to determine the link budget, 
the parameters related to the link must be known. The key parameters are as 
follows: the operating frequency is 915 MHz, the EIRP of the RF transmitting 
antenna is 34.77 dBm, and the distance between the transmitting antenna and the 
receiving antenna is 30 cm. The link budget determines the amount of power 
received by the rectenna. Table 5-1 demonstrates the parameters involved in the 
calculation and the values of the received power Pr in free space [166, 216]. The 
amount of power received by the receiving antenna (assuming that the 
transmitting and receiving antennas have a polarization match) is estimated as: 
  ][dBLGLLLGPP Rfeedraftfeedttr                                                           (5.7)   
where the free space path loss is calculated as: 
         ][)/4(log10
2
10 dBdLf OS                                                       (5.8) 
The amount of power received at the rectenna terminal depends on the distance 
between the transmitter and the rectenna even though all other parameters of the 
link remained the same. The power levels received by the rectenna for various 
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distances are determined by using (5.7) to (5.8) during the evaluation of the 
rectenna performance in free space. The performances of the rectennas are 
presented in the following sub-section. Moreover, the received power according 
to link budget calculation shown in Table 5-1 is used for the analysis of the bio-
compatibility in the rat head model, which is discussed in Chapter 6. 
Table 5-1. Calculated parameters of the link budget. 
Transmitter 
Frequency 915 MHz 
Transmitted power (Pt) 26.77 dBm 
Transmitter feeding loss (Ltfeed) 0 dB 
Transmitter antenna  gain (Gt) 8 dBi 
EIRP (Pt+Gt- Ltfeed) 34.77 dBm/4.77 dBW 
Receiver 
Receiver antenna  gain (Gr) í15.14 dBi (assume) 
Receiver mismatch loss (LRfeed) 0.097 dB (assume) 
Propagation 
Distance (d) 30 cm 
Free space loss (Lf) 21.2 dB 
Air propagation  loss (La) 0 dB 
Received power (Pr) í1.66 dBm (0.682 mW) 
 
5.3 Developed Rectennas 
As reported in Chapter 3, planar dipole antennas and PIFAs have been designed, 
fabricated, and evaluated. Moreover, six rectifiers with various configurations 
have been designed, fabricated, and evaluated in Chapter 4. Among the designed 
antennas and rectifiers, the smallest rectangular PIFA and the smallest Delon 
voltage doubler are connected together to make the first proposed rectenna. To 
increase the distance between the RF transmitter and the DBS device, a second 
rectenna is built, which consists of the circular PIFA and the Cockcroft-Walton 
4-voltage multiplier. In this rectenna, the Cockcroft-Walton 4-voltage multiplier 
is selected for rectification because it works better at the higher input power. The 
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power gain of the circular PIFA is higher than the gain for the rectangular PIFA. 
Thus, the second proposed rectenna receives more power when the separation 
between the transmitter and the rectenna is kept the same as the first rectenna. 
On the other hand, if the same input power is maintained at rectifier terminal, 
the separation between transmitter and rectenna will be longer.  
5.4 Evaluation of Rectennas in Free Space 
To evaluate the rectenna performance in free space, an external RF energy 
transmitter is used. The antenna in the rectenna system converts the incident EM 
wave to an AC signal. The rectifier converts the captured AC signal to DC 
power. During the rectifier design process, an L-matching network is placed at 
the input of the rectifier diodes for matching the impedance between the antenna 
and the rectifier. Moreover, a resistor is used across the output capacitor of the 
rectenna to work as a load. Figure 5-1 represents the experimental setup for 
evaluating the performance of the first rectenna in free space. In this experiment, 
a standard powercast RF transmitter operating at 915 MHz is used as an RF 
energy source. The collimated wave RF energy transmitter had a maximum 
EIRP of 34.77 dBm. The dimension of the powercast energy harvesting 
transmitter is 17.1 cm × 15.9 cm × 4.1 cm. This is a compact transmitter with an 
integrated antenna with a gain of 8 dBi and 60-degree beam pattern. The rectenna 
is located within the 60-degree beam pattern of the transmitting antenna in this 
experiment. Since the energy transmitter used in our experiment is fixed, the 
load resistance is required to vary for the optimum output DC voltage. A 
potentiometer with the range of 100 k is used as a load. To measure the output 
DC voltage, a digital storage oscilloscope is connected across the load resistance. 
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The output power of the rectenna is calculated from the measured voltage and 
load resistance value.  
The measured output DC voltage of the first rectenna at 915 MHz versus various 
load resistances in k is shown in Figure 5-2, at 25 cm separation between the 
transmitting and the receiving antennas. It is clear from Figure 5-2 that the output 
DC voltage increases with the load resistance. The rising rate of the output 
voltage was higher at lower values than at higher values of the load resistance. 
The output DC voltage obtained at the load resistance of 7 k is about 57% of 
the DC voltage recorded at a resistance of 60 k. On the other hand, the current 
flow through the load and the RF to DC conversion efficiency decline with the 
increment of the load resistance. The conversion efficiency is determined from 
the measured data by using Equation (5.5). The maximum conversion efficiency 
is achieved for the load resistance of 7 kȍ. The conversation efficiency of the 
rectifier at the low input power of í3.04 dBm is 74.56% for 7 kȍ load resistance. 
The conversion efficiency will be improved if the transmitted power is boosted. 
A reasonable output DC voltage with acceptable load current for our application 
was recorded for the load resistance of 20 k. It was also found that the 
conversion efficiency significantly depends on the power received by the 
rectenna. 
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Figure 5-1: Performance evaluation setup for the first rectenna in free space. 
 
The power received by the rectenna, and hence the out power or DC voltage, is 
a function of the separation between the transmitting and the receiving antennas. 
Figure 5-3 shows the output DC voltage of the first rectenna versus the 
separation between the two antennas for the load resistance of 20 k. The 
maximum output DC voltage of 7.5 V was obtained for separation of 2 cm at 20 
kȍ load resistance. The output DC voltage decreases with increasing the 
distance between the two antennas due to the path loss in the air. The required 
voltage for the employed passive DBS pulse generator of 1.8 V was recorded at 
a separation of 35 cm between the two antennas. The output DC voltage and the 
separation for the required voltage can be increased by improving the receiving 
antenna gain as described below. 
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Figure 5-2: Measured output DC voltage of the first rectenna versus the load 
resistance. 
 
 
Figure 5-3: Measured output DC voltage of the first rectenna versus the distance 
between the transmitter and the rectenna. 
 
The same standard powercast RF transmitter with the maximum EIRP of 4.77 
dBW at 915 MHz was used to determine the performance of the second rectenna. 
As mentioned earlier, the EIRP of the powercast transmitter is not controllable; 
thus, the load resistance and the distance between the transmitting and the 
receiving antennas are varied to analyse the rectenna’s performance. Figure 5-4 
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illustrates an experimental setup, which is similar to that in Figure 5-1 for 
measuring the output of the second rectenna in free space. The distance between 
the RF energy transmitter and the receiving antenna was adjusted to 30 cm, and 
the rectenna was placed in the 60-degree beam pattern of the transmitter. Figure 
5-5 shows the measured output DC voltage of the proposed rectenna at 915 MHz 
versus the load resistance in k. It is obvious from Figure 5-5 that the output 
DC voltage increases when the load resistance increases. The increasing rate of 
the output voltage is higher at lower values of the load resistance. For instance, 
the obtained output DC voltage at the load resistance of 20 k is 3.1 V, which 
is 77% of the DC output voltage recorded at the load resistance of 100 k. 
Whilst the output voltage increases with the increment of the load resistance, the 
current flows through the load and the RF to DC conversion efficiency declines. 
Thus, the load resistance should be selected in such a way that the current 
through the load resistance satisfies the requirement of the passive DBS device. 
The obtained output DC power at 20 k was 0.48 mW and the load current was 
0.155 mA, while the separation between the two antennas was fixed at 30 cm. 
At this distance, the rectenna received the AC power of 0.682 mW (í1.66 dBm). 
Hence, the RF to DC conversion efficiency of the rectenna at this input power 
level and at a separation of 30 cm was 70%. This calculation considered the 
mismatch loss of 0.097 dB between the receiving antenna and the rectifier. 
However, the maximum conversion efficiency was achieved at the load 
resistance of 5 Kȍ for the given transmitted power and the specified separation. 
The conversion efficiency has a good agreement with the conversion efficiency 
of the rectifier at the specified power level and the load resistance of 20 Kȍ, as 
indicated in Chapter 4.   
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The available power at the rectenna terminal depends on the separation between 
the two antennas as illustrated in Table 5-1. Moreover, the output DC power (or 
voltage) and the conversion efficiency of the rectifier are a function of the input 
power, which has been explained for the first rectenna. In this experiment, the 
distance of the rectenna from the transmitter was also varied to determine the 
rectenna’s performance for different input power levels. Figure 5-6 represents 
the output DC voltage of the rectenna versus the separation between the energy 
transmitting antenna, and the rectenna’s one. The output DC voltage decreases 
with increasing the distance between the two antennas since the path loss 
increases with the increment of distance. The output DC voltage of 8 V was 
obtained with a separation of 2 cm for a 50 kȍ load resistance. The required 
voltage for the employed passive micro DBS device of 1.8 V was recorded at a 
separation of 63 cm between the two antennas. The operating distance of the 
DBS device with the rectenna can be further increased by using the receiving 
antenna with a higher gain. 
 
Figure 5-4: Performance evaluation setup for the second rectenna in free space. 
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Figure 5-5: Measured output DC voltage of the second rectenna versus the load 
resistance. 
 
 
Figure 5-6: Measured output DC voltage of the second rectenna versus the 
distance between the transmitter and the rectenna. 
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Figure 5-7: Measured output DC voltage of the second rectenna versus the 
orientations of the rectenna. 
 
The modifications in the output DC voltages of the second rectenna for the 
different antenna orientations are shown in Figure 5-7. The variations of the 
output DC voltages of the rectenna with the separation between the transmitting 
antenna and the receiving rectenna are similar to that presented in Figure 5-6. 
The received power at the rectenna terminal, and consequently the output DC 
voltages were varied with the horizontal and vertical shift of the rectenna from 
its parallel alignment. The output voltages were measured for the parallel 
distance of 45 cm and at a load resistance of 50 kȍ. It is obvious from the figure 
that the peak value of the output voltage is produced when the horizontal and 
vertical shift of the rectenna is 0 cm. The rectenna generated approximately 
constant voltage, while the horizontal shift was 40 cm for both directions. The 
0
1
2
3
4
5
6
7
8
9
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80
O
ut
pu
t D
C
 v
ol
at
ge
 [V
]
Distance [cm]
    Distance from Transmitter to Rectenna
Horizontal  shift of rectenna
Vertical shift of rectenna
 195 
output voltage was significantly reduced for horizontal shifts of greater than 40 
cm because the rectenna went outside the 60-degree beam pattern of the 
transmitter. Similarly, the output DC voltage of the rectenna declined 
considerably when the vertical shift of the rectenna was more than 35 cm in both 
directions. 
5.5 Low-Power Micro DBS Device 
A low-power portable DBS micro device, which has been developed by our 
research group [6], is employed to work with the designed rectenna. The micro 
device can be carried by the animal during the course of a pre-clinical trial. 
Figure 5-8 presents the sample of the single-piece, head-mountable micro DBS 
device, which generates continuous monophasic current pulses. The device 
utilizes a passive charge-balancing technique to minimize undesirable effects, 
including tissue damage. The passive charge-balancing technique is based on an 
AC-coupling capacitor. According to the pre-clinical research requirements, the 
duration of the cathodic pulse is set to 90 us, the frequency of stimulation is set 
to 130 Hz, and the amplitude of current pulses is set to 200 μA. The device 
consists of the following components: printed circuit board, microcontroller, 
current source, stimulation electrode, and power source. The device has a 
stimulation electrode to inject charges into the target tissue. All of the 
components of the micro DBS device were accommodated on the printed circuit 
board made with FR-4 substrate. The board includes a two-pin terminal for the 
connection to the positive and negative sides of the power supply, and another 
two-pin terminal for the connection to the implantable electrode [6]. For the 
operation of the device using a rectenna, the two-pin terminals of the power 
supply on the board are connected to the two output terminals of the rectenna.   
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Figure 5-8: Sample of the single piece head mountable micro DBS device [6].           
5.6 Energy Harvesting in the DBS Device in Free Space 
The developed rectenna is connected to the DBS device to make a complete 
passive DBS device.  Figure 5-9 is a photograph of the prototype passive DBS 
device made by using the first proposed rectenna as described in Section 5.3. 
The device comprises three separate PCB boards including the rectangular PIFA, 
the Delon doubler circuit, and the pulse generator. The size of the composite 
passive DBS device is approximately 12 mm × 12 mm × 4.8 mm. Although we 
used three separate boards in our first prototype, the boards could be integrated 
into a single board. Thus, further size reduction is possible by using a multilayer 
PCB.  
An experiment was conducted to validate the operation of the first developed 
passive DBS device. The experimental setup is shown in Figure 5-10. The 
standard powercast transmitter module, with an EIRP of 34.77 dBm at 915 MHz, 
was used as an RF energy transmitter. Since the transmitting antenna had a 60-
degree beam pattern, the passive DBS was positioned within the beam pattern of 
the transmitting antenna. The output waveform of the deep brain stimulating 
device was monitored and measured with a digital storage oscilloscope 
connected across a 1 kȍ load resistance that modelled the brain tissue. The DBS 
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device successfully generated continuous monophasic current pulses when the 
maximum separation between the transmitter and the DBS device was 30 cm, 
and the receiving antenna was within a 60-degree beam pattern of the RF 
transmitting antenna. When the receiving antenna went outside the 60-degree 
beam direction of the transmitter, the DBS pulse generator was unable to get 
sufficient power for its operation. However, this problem can be resolved by 
using a transmitting antenna with omnidirectional radiation pattern instead of a 
directional beam pattern. Figure 5-11 illustrates the generated wave from the 
DBS device.  
According to the discussions in Section 5.4, the first rectenna produces the 
required output voltage of 1.8 V at a load resistance of 20 kȍ with a separation 
of 35 cm. However, the passive DBS device was operated successfully at the 
maximum distance of 30 cm. This distance is lower than the separation of 35 cm 
because the input impedance of the DBS pulse generator was 1.6 kȍ in the active 
mode and the minimum voltage requirement of it was 1.8 V. The low input 
impedance of the pulse generator, which works as a load to the rectenna, reduced 
its output voltage. 
 
(a) 
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(b)                                                           (c) 
Figure 5-9: (a) Photograph of the first passive DBS device. (b) Top view. (c) 
Bottom view. 
 
 
Figure 5-10: Bench top experimental setup for the first passive DBS device. 
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(a) 
 
(b) 
Figure 5-11: (a) Output waveform of the first DBS device. (b) Close view of the 
waveform. 
 
Another passive DBS device has been built using the second rectenna. The 
complete DBS device comprises three PCBs including the circular PIFA, the 
Cockcroft-Walton 4-voltage multiplier, and the stimulator. The operation of the 
device was validated using a bench top experiment in free space. The 
experimental setup of the DBS device powered by a Powercast RF transmitter is 
presented in Figure 5-12. The output waveform of the device was monitored 
using a digital storage oscilloscope connected across a 1 kȍ load resistance that 
modelled the brain tissue [171]. The DBS device successfully generated 
continuous monophasic current pulses when the maximum separation between 
the energy transmitter and the DBS device was 45 cm and the rectenna was in a 
60-degree beam direction of the transmitter because of the directional 
transmitting antenna. However, the passive device was unable to receive 
sufficient power for its operation when the receiving antenna was not in the beam 
direction of the transmitter. The generated stimulating wave from this passive 
DBS device is also shown in its inverted form in Figure 5-12.  
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According to the discussions in Section 5.4, the second rectenna produces the 
required output voltage of 1.8 V at a load resistance of 50 kȍ with a separation 
of 63 cm. However, the passive DBS device was operated successfully at the 
maximum distance of 45 cm. This distance is lower than the separation of 63 cm 
because the input impedance of the DBS pulse generator was 1.6 kȍ in the active 
mode and the minimum voltage requirement of the DBS device was 1.8 V. The 
low input impedance, which works as a load to the rectenna, reduced its output 
voltage.         
 
Figure 5-12: Bench top experimental setup for the second passive DBS device. 
 
5.7 In-vitro Testing of the Passive Micro DBS Device 
In-vitro testing of the second DBS device was carried out. The testing was 
conducted by placing the DBS device on the head of a rat toy. The rat toy was 
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made of plastic with a hollow inside filled by simulation fluid. Although a rat’s 
body consists of a complex anatomy with organs and tissues of subjective shape 
and frequency-dependent dielectric properties, we developed the rat model with 
liquid that is representative of a homogeneous rat head. The tissue emulation 
liquid was produced according to the FCC OET65 supplement C [217]. The 
ingredient of the liquid is presented in Table 5-2. The ingredients of the liquid 
are sugar (sucrose), salt (sodium chloride), water, and Preventol D-7. Deionized 
water (pure H2O) is the base for the liquid, which increases the relative 
permittivity and decreases the conductivity. The relative permittivity of the 
liquid also declines with the increment of sugar.  Moreover, sodium chloride is 
responsible for the increase of the conductivity and the decrease of the relative 
permittivity. Preventol D-7 prevents the spread of bacteria and molds in liquid 
[156]. The recipe of the liquid at 915 MHz was 533.65 g of deionized water, 
17.55 g of sodium chloride, 734.5 g of sucrose, and 14.3 g of Preventol D-7. The 
sucrose was refined food-grade sugar in crystal form and the sodium chloride 
was table salt, whereas Preventol D-7 CAS#55965-84-9 was from Bayer AG, D-
51368 Luverkusen. The liquid was prepared at a room temperature of 22 0C. The 
water temperature was also kept at room temperature. The sodium chloride and 
Preventol D-7 were added to water and stirred until they were completely 
dissolved. Then, the sucrose was added and stirred until the water looked quite 
transparent. The recipe had a dielectric constant (İr) of 42.0 and a conductivity 
(ı) of 1.0 s/m at room temperature for a frequency of 915 MHz  [217]. Then, the 
emulation liquid was injected into the plastic rat toy through a small hole.  The 
process was done repeatedly until the rat was completely filled with the liquid. 
Then, the injection hole was sealed with silicon glue. The prepared rat phantom 
is presented in Figure 5-13 for conducting in-vitro experiments.   
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Figure 5-13: Rat phantom filled with homogeneous tissue emulation liquid. 
 
Table 5-2. Recipes for one litre of head tissue simulating liquid for a frequency 
of 915 MHz. 
Ingredient Tissue 
Type 
Percentage (%) by 
weight 
Weight (g) 
water 41.05 533.65 
Salt (Nacl) 1.35 17.55 
sugar (sucrose 56.5 734.5 
Preventol D-7 1.1 14.3 
Total 100 1.3 kg= 1 liter 
 
Before conducting in-vitro testing of the DBS device, the antenna and rectifier 
were individually tested, while they were positioned on the rat phantom. The 
performance of the rectifier on the rat phantom was the same as in free space. 
However, the interaction of the developed circular PIFA with the rat phantom 
changed the antenna parameters including refection coefficient, resonance 
frequency, and radiation pattern due to the loading effects by the dielectric in the 
phantom. The resonance frequency of the circular PIFA was shifted towards 
lower frequencies, while it was measured on the rat phantom. The shifting of 
resonance frequency of the antenna was 12 MHz compared to the free space 
resonance frequency. This shift of the resonance frequency was alleviated by 
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reducing the length of the meander radiating patch. Moreover, the input 
impedance was changed from Zi = 40.1 – j9.1 ȍ to Zi = 20.1 + j5.1 ȍ for the 
frequency of 915 MHz. The change in input impedance was mitigated by 
changing the position of the shorting pin with respect to the feeding cable. To 
accomplish these, the antenna was rebuilt. The rebuilt circular PIFA was then 
connected to the rectifier and pulse generator to form a passive DBS device for 
in-vitro testing 
The DBS device was then placed on the head of the rat phantom, and the model 
was put inside a plastic cage with the dimension of 35 cm × 57 cm × 30 cm. This 
cage is a standard-sized cage for laboratory rat studies. The experimental setup 
for this in-vitro test is shown in Figure 5-14. The standard Powercast RF 
transmitter module for the energy source was located beside the plastic box at 
45 cm distance and for vertical orientation. A digital storage oscilloscope was 
used to monitor the continuous delivery of current pulse to the stimulating 
electrode. To measure the parameters of the stimulating current pulses, a resistor 
of 1 kȍ was connected across the two-pin electrode terminal of the DBS device. 
This 1 kȍ resistor works as a model for brain tissues. The experimental output 
revealed that the performance of the passive DBS device with the rat phantom is 
almost the same as in free space. The DBS device successfully produced the 
stimulating signal when the rat was located in different positions inside the cage.    
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Figure 5-14: In-vitro test setup for the second DBS device. 
 
5.8 Discussions
Among the developed PIFAs discussed in Chapter 3, two PIFAs (rectangular 
PIFA and circular PIFA) along with the rectifiers were tested with the DBS 
device for RF energy harvesting. The characteristics of these PIFAs include low 
cost, ease of fabrication, and ease of impedance matching because the input 
impedance depends on the position of the feed point with respect to the shorting 
pin. Moreover, these PIFAs had stable characteristics observed by placing 
different dielectric materials around them. Our designed rectangular PIFA for 
the first rectenna was smaller than the antenna designed by Chen et al. [96] and 
Sun et al. [88]. The first rectenna produced the maximum output voltage of 7.5 
V for the transmitted power of 26.77 dBm. The output voltage was higher than 
the presented voltage by Huang et al. [17] when the amount of the transmitted 
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power is considered; for instance, we used a 26.77 dBm transmitter, whereas 
Huang et al. used 43.97 dBm.  
To validate the performance of the two rectennas, they were used to operate a 
head-mountable DBS device. The first rectenna was able to operate the DBS 
device successfully at a 30 cm distance from the transmitter in free space as well 
as in vicinity of the dielectric substrate. Conversely, the second rectenna was 
able to operate the DBS device at a 45 cm distance from the transmitter in free 
space. However, the rectennas produced the required output for the DBS device 
at longer distances, while they were tested using the optimum load resistance. 
This occurred because the input resistance of the DBS device was 1.6 kȍ, which 
is lower than the optimum load resistance of the rectenna. At this load resistance 
(e.g., input resistance of the DBS device), the rectified voltage was significantly 
reduced. It was proven in Chapter 4 that the output voltage of the rectenna is low 
for a 1.6 kȍ load resistance and the voltages increase with the increment of the 
load resistance. Therefore, the DBS device could be operated at longer distances 
using the same rectenna/transmitter set, if the DBS device with the same input 
resistance as the optimum resistance of the rectenna were employed.   
The developed head-mountable passive DBS device was tested with a rat 
phantom. Although the device was designed for DBS studies relating to 
laboratory rats, it could be easily employed as a head-mountable stimulation 
devices for larger animals including pigs and monkeys. Moreover, a trivial 
variation of the antenna (if required, due to the loading effect presented by a 
large animal) can be accomplished easily by changing the length of the metallic 
strip and the position of the feeding probe. For the larger animals, the incident 
RF waves on the rectenna may be interfered with the mobility of animals. Thus, 
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the energy transmitter should be positioned in such a way that the rectenna 
receives continuous energy waves from the transmitter. Moreover, to operate the 
device as an implant, a major variation of the design would be necessary due to 
the significant change of the antenna parameters within the biological 
environment. Other concerns about making a passive implant are: bio-
compatibility, reliability of power transmission link, losses in body tissues, and 
toxicity of the material. Therefore, a comprehensive experimental study will be 
necessary to use the device as an implant in a human or animal body.   
A great advantage of the rectenna for DBS devices is that it enables the device 
to operate without a battery. This would help reduce the price of the DBS 
operation. Another advantage of the device is that it enables the head-mountable 
DBS device to operate indefinitely. The researchers using the device would no 
longer need to spend time performing maintenance on the device. In addition, 
battery recycling or discarding would not be required.   
5.9 Summary
In this chapter, two rectennas were presented and tested. One of them consisted 
of the rectangular PIFA and the Delon doubler, while the other comprised a 
circular PIFA and a Schottky diode-based Cockcroft-Walton 4-voltage 
multiplier. In addition, a comprehensive experimental analysis was carried out 
to determine the effect of input power and load resistance on the output voltage 
and conversion efficiency of the rectenna. Then, the DC power produced by the 
rectennas from an RF energy source was used to drive a DBS device in free 
space. The experimental results showed that the developed rectennas 
successfully operated the DBS device when the RF energy transmitter was at a 
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certain distance. Furthermore, a rat phantom was formed by using a 
homogeneous tissue emulation liquid. Then, the passive DBS device was tested 
in-vitro by using the rat phantom. The in-vitro test revealed that the device 
operates in the same way as when it is used in free space. However, the EM 
waves from the RF transmitter may affect the biological tissues of the rat, which 
will be discussed in chapter 6. 
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C H A P T E R  S I X  
6 Bio-compatibility Analysis 
6.1 Introduction
In this research work, energy is harvested from an external RF transmitter in a 
passive head-mountable DBS device working on a rat model. The transmitted 
EM waves at 915 MHz from the far field transmitter incident on the rat body and 
electrical current in the antenna induces an EM field in the surrounding tissue 
[163]. The effects of EM radiation at 915 MHz should be identified to fully 
characterise the stimulating pulse effects in rat brain and body, and to fulfil the 
safety standards. SAR is a biocompatibility analysis factor used to evaluate the 
ultra-high frequency radiation effects on the rat body and to determine the safety 
level. The amount of the EM power absorption in biological tissues is 
characterised by SAR. The SAR analysis in rat model can be accomplished by a 
numerical model to compensate for the actual experimental limitations. In this 
chapter, the rectangular printed dipole antenna is used to create two numerical 
models in FEM-based EM simulation software HFSS and FDTD-based EM 
simulation software XFdtd for SAR calculation. The dipole antenna is 
considered because the gain of the antenna is the highest among the six 
developed antennas.  In the numerical models, a source located at a certain 
distance from the model shines plane waves on the receiving antenna as an 
energy signal. The software-based simulations can determine average SAR 
value, maximum SAR value, and local SAR value in rat models, and the EM 
field distributions in different slices of the rat models. These values provide 
information about the safety level for the rat models.    
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6.2 EM Power Absorption in Biological Tissues of a Rat
The investigation of the interaction of the rat body with the antenna for energy 
harvesting in a head-mountable DBS device can be classified as: functional and 
biological. The functional aspect, which was described in Chapter 3, analyses 
the change of the antenna parameters including refection coefficient, efficiency, 
and radiation pattern due to the loading effects by the rat body. On the other 
hand, the biological aspect examines the impact of the EM radiation on the rat 
model in terms of EM field distribution, and SAR value [189]. The passive head-
mountable device receives the far field EM wave at 915 MHz through a 
receiving antenna. Part of the incident signal from the distant energy transmitter 
is absorbed by the biological tissues of the head surrounding the receiving 
antenna. The power absorption in tissues is due to the power loss for dielectric 
polarization. Moreover, the electrical current in the receiving antenna due to the 
received waves will induce EM fields in adjacent tissues. The induced and 
absorbed EM fields will increase the tissue temperature [218]. SAR is a measure 
of the amount of the EM energy absorbed by the biological tissue. The amount 
of SAR in the body depends on the antenna location, characteristics of the 
antenna, amount of transmitted energy, and the frequency of the established link. 
The induced and absorbed power in RF operated devices must meet the 
regulatory requirements for maximum SAR limit in Australia and other 
countries. In the interest of ensuring the human/animal safety, the ANSI 
regulation has developed the IEEE C95.1-1999 (1-g average SAR<1.6 W/kg) 
[159] standard. The motivation for maintaining this regulation confirms suitable 
power transfer limit from the far field energy transmitter from the standpoint of 
energy absorption into body tissues. Although the RF energy at 915 MHz is non-
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ionizing, it can transfer energy as heat to the absorbing rat body specially head 
tissues for head-mountable passive DBS device. SAR can determine the amount 
of heat absorption. SAR is the time derivative of the incremental energy (dU) 
deposited in an incremental mass (dm) contained in a volume element of density 
ȡ [185]: 
]/[2 kgWE
dm
dU
dt
dSAR U
V ¹¸
·
©¨
§ 
                                   (6.1) 
Equation (6.1) can also be written as: 
]/[
2
kgWJSAR UV                                                          (6.2) 
where ı is the conductivity of the body tissue [S/m],  ȡ is the density of body 
tissues [kg/m3], E is the rms value of the electric field strength in the tissue 
[V/m], and J is the current density [A/m]. Therefore, SAR is a measuring 
quantity that estimates the amount of radio frequency power absorbed in a unit 
mass of the rat body tissues. The unit of SAR is watts per kilogram, or 
equivalently milliwatts per grams. SAR is also a measure of the localized 
maximum value of the power absorbed by the rat body by unity of mass. The 
point of maximum absorption is called a hot-spot.  
6.3 Numerical Models 
Among the designed antennas, the largest antenna (e.g., rectangular printed 
dipole) with the highest gain and radiation efficiency is used to create numerical 
models. To analyse the bio-compatibility, while the printed dipole antenna is 
receiving RF waves, two type of rat models including conical rat head and an 
anatomical rat have been considered. Description of these models are as follows, 
whereas the result of the simulation is presented in the subsequent section. 
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6.3.1 Rat Head Model 
The numerical model of a six-layer rat head including the planar dipole antenna 
and the incident wave source for SAR analysis is shown in Figure 6-1. Although 
the rat head is more complex in structure, here, a simple six-layer conical model 
(described in Chapter 3) is considered to simplify the simulation.  
 
Figure 6-1: Six-layer rat head model with the planar rectangular dipole antenna 
for SAR analysis. 
 
6.3.2 Complete Rat Model
The bio-compatibility analysis can be also conducted with a complete rat model 
because it better resembles actual rats. The complete rat model used in this study 
consists of thirteen different body dielectrics tissues. The complete rat model is 
collected from the Remcom XFdtd EM simulation software supporting centre, 
and used with the XFdtd software library during simulation. The structure of the 
complete rat model including the planar dipole antenna and the incident wave 
source is shown in Figure 6-2. The EM properties of the materials used in the 
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complete rat model at 915 MHz are shown in Table 6-1. The antenna is 
subsequently simulated by the FDTD base EM software XFdtd, while positioned 
on the complete rat model. In the FDTD simulations, biological tissues and 
antenna are meshed in minimum base cells sized 0.5 × 0.5 × 0.5 mm3. The 
solution for a minimum grid size of 0.5 mm and a target grid size of 0.6 mm 
showed as the grid independent solution. Free space padding of twenty times the 
base cell, absorbing boundaries in all directions of the model, are used during 
the entire simulation. The maximum cell step factor used in this simulation is 2. 
The convergence threshold of í40 dB is settled during the calculation. 
Table 6-1. Dielectric properties of the complete rat model at 915 MHz [190-
192]. 
Layer Name 
Relative 
Permittivity 
Conductivity 
(s/m) 
Mass Density 
(kg/m3) 
Skin (dry) 41.2 0.9 1109 
Fat 11.37 0.11 978 
Bone (skull) 4.9 0.15 1180 
Body fluid 67.5 1.75 1019 
aorta 42 0.776 1040 
Gray matter 50 1.0 1041 
Nerve 37.6 0.684 1085 
Tooths 12.4 0.145 1730 
Muscle 55 0.948 1045 
liver 46 1.06 1037 
Blood 61.38 1.56 1050 
bladder 20.5 0.32 1030 
Inner lung 33 0.78 260 
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Figure 6-2: Complete rat model with the planar rectangular dipole antenna for 
SAR analysis. 
 
6.4 Simulation Results 
6.4.1 Rat Head Model
SAR is directly related to the electric field distribution in the body tissues, which 
is discussed in section 6.2. Thus, an electric field analysis in the head model is 
done by SAR analysis [219]. The magnetic field distribution is similar to the 
electric field. For electric field analysis, we know that skull and skin-dermis 
under the receiving antenna exhibit the maximum electric field values [1]. In 
addition, the deposition and penetration of the electric field values depend on the 
dielectric properties of the anatomical human head model and the distance from 
the antenna. Figure 6-3 illustrates the electric field distribution in the brain using 
the six-layer rat head model when the antenna was assumed to receive 2.771 mW 
of power. The amount of received power is adjusted according to the link budget 
calculation. The value of the maximum electric field in the brain tissue is 182.31 
V/m. The electric field values in skin, fat, bone, dura, CSF, and muscle are 
346.38 V/m, 206.32 V/m, 601.2 V/m, 142.31 V/m, 80.38 V/m, and 67.59 V/m, 
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respectively. It is clear from these maximum electric field values that the electric 
field distribution depends on the distance from the antenna and the dielectric 
properties of the layers. The value of the electric field in bones is higher than the 
outside layers of skin and fat. This occurs because the relative dielectric constant 
of the skull is lower than others. The electric field of comparatively low value 
penetrates the skull and reaches the brain tissues as it is situated further away. 
The electric field in the brain tissue is lower than the regulated value reported in 
ref. [220]. 
A numerical analysis of the SAR is then performed at 915 MHz for the numerical 
model that is shown in Figure 6-1. Figure 6-4 shows the rectangular plot of the 
local and 1-g averaged SAR together with the distance from the antenna. The 
calculation method of the local and average SAR is based on the distribution of 
the electric field as in (6.1- 6.2). It is obvious from Figure 6-4 that the SAR is 
higher near the antenna and then rapidly declines as the distance increases. The 
highest SAR value is obtained in the skin layer of the model, and the second 
highest SAR occurs in the skull layer. The SAR value is maximum in the skull 
compared to the fat because of the dielectric properties of the skull tissue. If the 
proposed dipole antenna is assumed to receive 2.767 mW power from the distant 
transmitter, the maximum local SAR value of 6.4 W/kg and the 1-g average SAR 
value of 1.60 W/kg are obtained. The 1-g average SAR is equal to the IEEE 
C95.1-1999 standard (1-g avg SAR<1.6 W/kg) set by the American National 
Standards Institute [159]. Whilst the international SAR limit may vary 
depending on the national reporting and testing requirements and the network 
band, the regulation by the IEEE C95.1-1999 is generally followed. Since the 
planar dipole antenna is the biggest one among the designed antennas, and it 
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satisfy the SAR safetfies regulation, any other antennas proposed in Chapter 3 
might be within the safety limit.  
 
Figure 6-3: Electric field distribution in brain tissue of the rat head model. 
 
 
Figure 6-4: The local and 1-g averaged SAR variations at different antenna-head 
distances. 
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6.4.2 Complete Rat Model
Since the antenna is to be used with a passive DBS device in rat studies, a 
simulation is performed with a complete rat model. The SAR and EM field 
analysis with a complete rat model is closer to practical situations. Figure 6-5 
displays a slice of the time domain electric field through the rat body. The 
electric field value in the rat model depends on the duration of the incident wave. 
The electric field illustrated in Figure 6-5 is recorded after a few microseconds 
after the DBS device has started running. The value of the electric field 
distribution increases with time. Figure 6-6 illustrates the steady state electric 
field in the plane of the patch antenna with the distances from the antenna. The 
computer-aided design (CAD) display of the body tissues and patch antenna is 
turned off to view the internal fields. An antenna with a received power of 1 W 
is considered in this simulation. The value of the maximum electric field in a 
slice 1.5 mm away from the antenna is 1411.3 V/m. The electric field value 
decreases dramatically with the distance from the antenna. The maximum values 
of electric field at 4.5 mm, 6.5 mm, and 7.5 mm, distance from the antenna are 
286.0 V/m, 109.8 V/m, and 60.3 V/m, respectively. It is clear from these results 
that the electric field values decrease gradually with increasing distance from the 
antenna. The electric field, which penetrates the skull and reaches deeper into 
the brain tissues is within the regulated value [220] at the antenna’s received 
power of 2.767 mW.  
The analysis of SAR can give us more insight into the EM power absorption in 
a rat’s body tissue. The SAR analysis is performed at 915 MHz for the simulation 
setup shown in Figure 6-2 using the XFdtd software. This setup assumes that the 
power harvesting antenna receives a power of 2.771 mW.  Figure 6-7 shows the 
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rectangular plot of 10-g average SAR with the distance from the antenna. The 
calculation method of the SAR is based on the distribution of the electric field 
according to (6.1). Figure 6-7 indicates that the SAR is higher near the antenna 
and then rapidly declines with the distance. Figure 6-8 shows the variation of the 
SAR values in the plane of the patch antenna against the distance. The CAD 
display of the body tissues and patch antenna is turned off to view the internal 
result. These SAR values are local values, which are much higher than the 1-g 
and 10-g average SAR values. These SAR values are calculated for the antenna’s 
received power of 2.767 mW at different distances from the antenna. The 
maximum local SAR values at 1.5 mm, 3.5 mm, and 5.5 mm distance from the 
antenna are 116.9 W/kg, 39.3 W/kg, and 9.3 W/kg, respectively, and the 
distributions of their scaled values are indicated in Figure 6-8(a)-(c). It is obvious 
from this figure that the SAR values decrease nicely with the distance from the 
antenna, which is similar to the electric field distributions. As a common feature, 
the hot-spot of the average SAR value is located underneath the antenna, at 7.2 
mm from it. 
 
Figure 6-5: A slice of time domain electric fields through the rat body. 
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(a) (b) 
 
(c) (d) 
Figure 6-6: Steady state electric fields in the plane of the dipole antenna against 
the distance from the antenna. The CAD display of the body tissues and antenna 
is turned off to view the internal fields. (a) Slice at 1.5 mm from the antenna. (b) 
Slice at 4.5 mm from the antenna. (c) Slice at 6.5 mm from the antenna. (d) Slice 
at 7.5 mm from the antenna. 
 
The maximum 1-g average SAR value of 1.98 W/kg, and 10-g average SAR 
value of 0.819 W/kg are obtained, which are a bit higher than the IEEE C95.1-
1999 (1-g avg SAR < 1.6 W/kg) [159], but lower than the IEEE C95.1-2005 
(10-g avg SAR < 2 W/kg) [157]. The average SAR in the complete rat model is 
0.1467 W/kg. To maintain the safety regulation set by American National 
Standards Institute regulation [159], the received power of the antenna should 
be less than the specified power of  2.767 mW.   
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Figure 6-7: 10-g SAR variations at different antenna-head distances. 
 
(a) (b) 
 
(c) 
Figure 6-8: Varying SAR values in the plane of the dipole antenna with the 
distance. The CAD display of the body tissues and antenna is turned off to view 
the internal result. (a) Slice at 1.5 mm from the antenna. (b) Slice at 3.5 mm from 
the antenna. (c) Slice at 5.5 mm from the antenna. 
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6.5 Discussions
The EM field and the SAR analysis were performed with two different rat 
models including a simple rat head model and a complete rat model. The 
complete rat model emulates a real rat better than the rat head model and has 
more influence on the antenna performance. In case of biological compatibility 
analysis, the complete rat model is more complex than the rat head model 
resulting in more 1-g average SAR in the complete rat model. The 1-g average 
SAR value for the rat head model is 60 W/kg, whereas it is 101.45 W/kg for the 
complete rat model. The maximum 1-g average SAR in the complete rat model 
is higher than in the rat head model due the position of the antenna with respect 
to the body, the variation of the thickness of layers in both models, and the 
uniformity/non-uniformity of the layers. In the rat head model, all of the seven 
layers have uniform thicknesses, whereas the complete rat model does not. Both 
models show that the electric field and the SAR distribution are at their 
maximum in or near the bone (e.g., skull), and that these values decrease rapidly 
with the increasing distance from the antenna.  Moreover, it is clear that if the 
received power of the antenna is few milliwatts then the SAR value will be 
within the regulated safety limits. Although the simulation study gave us an 
insight into the electric field and the SAR distribution in different tissues in rat 
models, more complex and practical model analysis and measurements are 
unavoidable before using a passive head-mountable DBS device for 
comprehensive DBS research. 
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6.6 Summary
This chapter presented the interaction of the antenna with a rat head model and 
a complete rat model. The rat head model was simulated using HFSS software, 
whereas the complete rat model was simulated using the XFdtd software. The 
planar dipole antenna was positioned on the head of the models and assumed 
that the receiving power of the antenna from the incident plane waves was 2.771 
mW. From the comprehensive simulation-based analysis demonstrated in this 
chapter, it was observed that the SAR deposition and the EM field penetration 
depend on the tissue material properties including conductivity, permittivity, and 
mass density, as well as the distance from the transmitting antenna. It was found 
that the average SAR values for both models were lower than the standard 
regulated value imposed by the IEEE C95.1-1999 standard. In Chapter 7, the 
conclusions and future directions of this research will be discussed. 
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C H A P T E R  S E V E N  
7 Conclusion
7.1 Summary and Conclusions 
DBS has emerged as a powerful treatment method for a range of neurological 
and psychiatric disorders. Murine preclinical research is extremely important in 
DBS study. A wide range of DBS devices are being used on laboratory animals 
in preclinical studies with most of the devices large in size, battery operated, 
involving long fixed wires. These devices, are expensive, operate definitely, and 
substantially restrict murine to move freely, sleep, eat, swim in water and carry 
out normal behaviours and behavioural tests. The focus of this thesis was to 
minimize these disadvantages and realise a small, battery-less device. To reduce 
the size and eliminate the battery, compact wireless power receivers (rectennas) 
were developed. The analyses of the rectenna prototypes including antennas and 
Schottky diode-based rectifiers were performed through simulation and 
experimental exercises. 
To develop a rectenna, compact planar antennas operating at 915 MHz were 
designed, simulated, and evaluated. The modelling and simulation methods used 
for antenna design were introduced. Antennas were primarily designed in free 
space and later on adjusted based on a rat head model. The antennas evolved 
from planar dipole to a microstrip patch antenna with a shorting pin (PIFA). It 
was demonstrated that the introduction of shorting pin and meandering 
technique in the microstrip antenna reduces the size of the antenna. The shorting 
pin connecting the metallic strip with the ground plane establishes a return path 
for the facial current of the antenna, and triggers resonance for electrical 
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dimensions smaller than the basic microstrip patch antenna. Moreover, PIFA 
shows stable resonance and radiation characteristic, while positioned on 
different dielectric materials. The multilayer structure further reduced the size of 
the PIFA.  
The Schottky diode-based rectifiers were also developed for converting RF AC 
voltage to DC voltage. These diode-based rectifiers showed higher performance 
than CMOS-based rectifier at the input within the safety regulation. The 
Schottky diode-based rectifiers involved a simple fabrication process with low 
cost compared to CMOS-based rectifiers. The improvement of rectifier 
conversion efficiency was achieved by selecting proper diode type, rectifier 
configuration, number of stages, optimum components, and impedance 
matching. Experimental results were used to establish the relationship between 
the performance parameters and the design parameters of the rectifier. For 
example, an optimum load resistance of the rectifier was identified for the input 
power and the rectifier topology. The established relationships among the 
performance parameters and design parameters matched the findings from 
literature. 
The developed rectenna was then used to operate a DBS stimulator. In all of the 
experimental setups, a powercast energy transmitter was employed to transmit a 
maximum EIRP of 34.77 dBm at 915 MHz, and the rectennas were located at 
the broadside of the transmitter during the measurement. The transmitted power 
was lower than the FCC’s guideline for EIRP output, which is stated as 36 dBm. 
The first developed rectenna (rectangular PIFA and Delon doubler) was capable 
of driving the stimulator at 30 cm distance from the RF transmitter, whereas the 
second rectenna (circular PIFA and Cockcroft-Walton 4-voltage multiplier) was 
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able to operate the device at 45 cm from transmitter. This occured because the 
antenna in the second rectenna was larger than first one. The operating distance 
of the rectenna is influenced by a number of factors including the amount of 
transmitted power, gain of the antenna, rectifier configuration, impedance 
matching, load resistance, and power requirement of the stimulator working as 
a load to the rectenna. By referring to the experimental results in this work, for 
a fixed energy transmitter, the gap between the transmitter and rectenna was 
found to be increased with optimum rectifier design. However, the operating 
distance of the stimulator with the same size rectenna can be further increased 
by using different antenna materials for improving the gain of the antenna. For 
example, an antenna designed on a low loss ceramic substrate has improved gain, 
efficiency, and smaller size. 
In order to validate the prototype, measurement of the rectenna was conducted 
with a homogenous rat model.  A liquid that simulates homogenous rat head 
tissue at 915 MHz was created. The rat phantom was filled with this liquid. 
Although the performance of the rectifier on the rat phantom was the same as 
that in free space, it was noticed that the interaction of the developed PIFA with 
the rat phantom changed the antenna parameters. The change in the antenna 
parameters including impedance mismatch and frequency detuning, were 
eliminated by changing the location of shorting pin and reducing the length of 
the patch. The modified PIFA along with the rectifier showed the same operating 
distance as that in free space for the stimulator. Whilst the stimulator was 
operated by the energy harvester when the rat was inside a standard laboratory 
rat cage, the incident RF waves on the rectenna may be interfered by the mobility 
of the larger animals. Moreover, to operate the energy harvester with an implant 
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in the human or larger animals, some variations of the design are inevitable 
because of the significant dielectric loading inside the biological environment. 
The bio-compatibility of the material, and the reliability of power transmission 
link are other issues. Therefore, a widespread experimental studies are required 
for an implantable rectenna.   
In this RF energy harvesting approach, the power was absorbed due to the 
polarization losses in biological tissues of rats. The absorbed power (e.g., SAR) 
define the standard safety level. A numerical analysis based on the EM 
simulation software tools HFSS and XFdtd was conducted to determine the SAR 
values. A six-layer rat head model based on the data from Italian National 
Research Council was used to access the SAR values. Moreover, a full rat body 
model developed by Remcom was used to determine SAR distribution in more 
realistic way. This model consisted of thirteen dielectric clusters of tissues. From 
the comprehensive SAR analysis, it was observed that the EM power deposition 
and penetration depend on the dielectric properties of tissues including relative 
permittivity, conductivity, and mass density. It was also verified that the average 
SAR values for our energy harvester are lower than the limit imposed by the 
standard regulatory authority for both simple and complex rat models. 
According to the experimental and simulation results it can be concluded that 
the RF energy harvester can replace the battery in a head-mountable DSB device, 
while the EM radiation from the transmitter was within the safety limit. 
Moreover, the replacement of the battery in the DBS device with the rectenna 
enables the device to operate indefinitely, eliminates the environmental concerns 
associated with the battery disposal, saves time and money for the battery 
replacement, and helps the animal to freely move, sleep, eat, swim in water, and 
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carry out other activities. Thus, from the application point of view, it is believed 
that the developed energy harvester is deemed as a decent starting point for 
research and development on battery-less DBS devices. Moreover, the inclusion 
of an energy storage element such as lithium-ion battery or supercapacitor with 
the harvester can eliminate the discontinuous operation of the load.  
7.2 Recommendations for Future Work 
This thesis presented compact antennas and Schottky diode-based rectifiers for 
energy harvesting in a head-mountable DBS device. During the evaluation and 
assessment of the performance of the antenna, rectifier, and passive DBS device, 
some improvement areas have been identified. 
There is no doubt that in-vivo evaluation of the DBS device powered by the 
rectenna is the obvious next step for this project. A collaboration with a DBS 
research team would be required for the in-vivo testing of the device. During the 
in-vivo testing process, biocompatibility analysis should be carried out for 
ensuring the fulfilment of the safety standards. In addition, other simulation 
models can be employed for electric fields and SAR analysis. These can improve 
the confidence levels for the safe operation.  
The improvement in antenna gain will increase the distance of the RF transmitter 
and the rectenna. Low loss antenna materials such as Rogers and ceramic can be 
investigated for improving the gain of the antenna, while maintaining the same 
dimension. In addition, introduction of a flexible and biocompatible antenna 
substrate will offer benefits to the antenna under the biological environments. 
Fabrication of the antenna, rectifier and stimulator on a single multilayer PCB 
board will be carried out in our future work. The integration of these three 
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circuits will reduce the dimension of the passive DBS device. This can also 
improve the performance by reducing losses for the interface between two circuit 
boards.  
Finally, the energy scavenging from ambient RF sources can be considered. 
Although the scavenging of the required energy for the existing DBS device will 
be challenging, the work can be extended to improve the antenna gain and to 
reduce the power consumption of the stimulator so that the ambient energy may 
produce sufficient power for the DBS device.     
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